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HYTHM, CYCLE AND PERIOD are terms variously and often interchangeably 
R applied to courses, rounds or series of repetitive or recurring phenomena or 
events, conditions or states, of inorganic or organic nature, the fluctuations 
sometimes being designated as waves, tides, swings or pendulations. Regularity of 
succession, both with respect to duration of the period and order of occurrence of its 
constituent phases, is emphasized in some definitions of these terms, but many cycles 
recur at irregular intervals of time. 

For the purposes of this review, the term rhythm will be used to designate a regu- 
larly recurring quantitative change in some particular variable biological process, 
irrespective of whether or not it takes place in a cell, tissue, structure, organism or 
population. Two conditions are necessary to make such a recurring change into a 
rhythm: a) it must be extrinsic in origin, depending upon a regular change in the en- 
vironment, such as light or temperature, usually associated with terrestrial or cosmic 
periodicity, developing in each biological system de novo; and b) when fully estab- 
lished, it must persist for some time, even when the environmental changes are ab- 
sent. Except that the regulating mechanism need not be nervous, a rhythm may be 
likened to a conditioned response, which is also individually acquired and depends on 
an extrinsic reinforcement for its establishment, yet will persist for a shorter or longer 
period of time in the absence of such reinforcement. This is the sense in which Welsh 
(1) used the term in his review of diurnal rhythms. The term cycle, on the other 
hand, will apply to repetitive series of events or to successive changes of state, thus 
being either qualitative or quantitative in nature, and its one distinctive feature is 
the order of occurrence, rather than duration. Cycles are intrinsic in origin and have 
to run their course to be completed. They may be influenced by internal and exter- 
nal conditions, which may affect them quantitatively, but seldom qualitatively. A 
good example is the cardiac cycle which may be affected, in duration and magnitude 
of change, by drugs, nerve impulses, temperature variations and so on, but which is 
intrinsic in origin and development. A third type of biological recurrence, which, 
like the rhythm, is extrinsic in origin, but is so directly dependent on environmental 
changes that it shows no persistence of variations when the external conditions are 
made uniform, will be referred to as causal, synchronous, associated or coupled peri- 
odicity. ‘The regularity or irregularity of periodicity is a function of the external 
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variation with which it is coupled. Diurnal periodicity may be quite regular, while 
meteorological periodicity is not. 

Observations of, and speculations on, terrestrial and cosmic periodicity, and its 
effects on the living, extend back into antiquity. Omens and portents of things to 
come, as developed by astrologers, are still printed in the metropolitan newspapers 
of today. Aside from attempts by individual philosophers and scientists to make a 
rational analysis of the relations between the non-living and living worlds, a collective 
attack on the problem was made by the organization of the International Society for 
the Study of Biological Rhythms, which held two conferences: the first at Ronneby, 
Sweden, in August 1937, and the second at Utrecht, Netherlands, on the eve of the 
outbreak of World War II, in August 1939. The Proceedings of these conferences 
(2) contain discussions of a variety of periodicities in plants and animals. Schultz, 
a participant in the first conference, in treating ‘Lebensrhythms und Psychoterapie’ 
lists six categories or polarities in which life-rhythms can show changes: a) tempo, 
as acceleration and slowing, 6) amplitude, as excitation and inhibition, c) intensity, 
as augmentation and diminution, d) quality, as enlivenment and blunting, e) modu- 
lation, as mobility and rigidity, and f) ‘Duktus,’ as tension and relaxation. 


On the factual side, there are a number of review articles describing and analyzing the accumu- 
Jated data on many rhythms, cycles and periodicities, largely, however, diurnal ones. Freeman and 
Hovland (3) reviewed papers on the diurnal variation in human work output, energy expenditure, 
muscular activity, higher mental processes, as well as factors which tend to affect the diurnal curves. 
Jores (4, 5, 2) also devoted his several reviews mainly to the human diurnal rhythm. In one (4), the 
rhythms taken up included sleep and associated phenomena, heart rate, blood pressure, respiration, 
body temperature, oxygen consumption and carbon dioxide production, blood and its constituents 
(plasma, erythrocytes, their sedimentation rate, hemoglobin, leucocytes, thrombocytes), water loss, 
excretion of solids, visceral activities (liver, stomach) and endocrines (adrenals and hypophysis). 
This was followed up with an inquiry into the endogenous and exogenous origins of the rhythmicities, 
as well as the réle of rhythms in pathology. Another review (5) covered 24-hour periodicities in 
plants (opening and closing of flowers, pollen production, nectar and sugar-content, movement of 
leaves, electrical excitability of mimosa, etc.); animals (pigment movement in Salamander larvae, 
pollen-gathering by bees, etc.); and in man, diurnal variations in plasma Chemistry (proteins, sugar, 
tryptophane, urea, uric acid, sulphates, chlorides, bilirubin), electrical skin resistance, sensitivity of 
teeth to painful stimulation and incidence of births and deaths. 

Welsh (1) reviewed papers on diurnal variation in light production, movements of rods and cones, 
retinal pigment, surface color, general activity, metabolic rate and body temperature in a number of 
invertebrates and vertebrates, including birds and mammals. Herring and Brody (6) treated, in 
addition to some of the above-mentioned functions, the diurnal variation in milk production by cows, 
and metabolic activity of pigeons. 

Five chapters in Sleep and W akefulness (7) dealt with periodicity. Into them were incorporated 
brief reviews of papers on the establishment, maintenance and modification of the diurnal body 
temperature rhythm, diurnal] variations in somatic and visceral activity, as well as meteorological 
and seasonal influences. Bissonnette (8) reviewed the gradually accumulating evidence that sea- 
sonal variation in the duration of daylight is the important factor in the establishment of animal 
sexual periodicity in some birds and mammals. Park (9) analyzed the problem of nocturnalism— 
the adjustment of many species to predominant activity during the night. In addition to a theoreti- 
cal discussion of the general problem, Park collected a bibliography of over 300 titles. Petersen (10) 
collected data on meteorological and cosmic influences on physiological and pathological processes in 
the human individual and in populations, the latter from vital statistics tables. 


This ‘review of reviews,’ though by no means exhaustive, is intended to guide 
the reader in looking for papers on periodicity, as references to the literature given 
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in them will not be relisted here, by and large, but some previously reviewed papers 
may be cited, in support or refutation of more recent findings. 


PERIODS OF LESS THAN 24 HOURS 


Omitting the brain-potential, heart and respiration cycles, as they have been 
the subject of many reviews, one finds an activity-rest cycle which in some animals 
is measured in minutes or hours. Szymanski (11), a pioneer in this field, introduced 
the term ‘polyphasic’ to designate animals showing several periods of activity in 24 
hours, as contrasted to ‘monophasic,’ animals with only one such period. Although 
I have contributed as much as anyone to the general acceptance of Szymanski’s 
nomenclature, I suggest that the terms be discarded, as each period comprises a rest 
phase as well as an activity one. More appropriate terms would be polycyclic and 
diurnally rhythmic or periodic, depending upon whether or not the single alternation 
per 24 hours persists under uniform environmental conditions. Szymanski found to 
activity-rest cycles per 24 hours in the white rat, 16 in the white mouse, 19 in the gray 
mouse, and 16 to 21 in the rabbit. Richter (12) definitely linked the 2-hour rat ac- 
tivity cycle with a gastric motility, hunger and feeding cycle. Davis (13) observed 
a similar 2 to 4-hour feeding cycle in another rodent (the short-tailed vole), and Stier 
(14) found that 40-day-old mice alternated 25 to 135 minutes of activity with 15 to 
160 minutes of quiescence. Richter (12) also detected 2- to 4-hour cycles of drink- 
ing, urination and defecation. 

The human infant, typically polycyclic, to use the revised nomenclature, shows 
5 to 6 activity cycles in 24 hours, according to Szymanski (15). Ina study of motor 
activity of 4 infants, from the second to the ninth day after birth, on a self-demand 
feeding schedule, Marquis (16) obtained figures not much different from Szymanski’s: 
5 to 10, with an average of 7.3, per 24 hours. Although the average length of this 
cycle was 3.2 hours, about 20 per cent had a duration of less than two, and a little 
over 10 per cent, more than five, hours. It is interesting to note that 38 infants ona 
fixed 3-hour feeding schedule, studied simultaneously, showed an almost uniformly 
low activity during the hour preceding the feeding, whereas 18 infants on a 4-hour 
feeding schedule, while similarly inactive during the third hour, were very restive 
during the fourth. The infant’s cycle then is, like the rat’s, an expression of recurring 
hunger. 

What appears to be an intrinsic cycle of irritability was described in the amphib- 
ian Amblystoma punctatum by Coghill and Watkins (17). Thirty specimens, tested 
concurrently, at 15-minute intervals, during their development, showed a pronounced 
synchrony in the fluctuation of their sensitivity to tactile stimuli. Periods of marked 
lowering of threshold occurred at intervals of 8 to 10 hours during 64 hours of observa- 
tion. Hunger was excluded, as every cell in the body of the larva had its own food 
in the form of yolk. The authors concluded that fluctuations in irritability must 
have their origin in ‘“‘an intrinsic periodicity of organismic processes,”’ which “may 
be the primary factor in the activities and sleep of animals generally.” 

A variety of rhythms and periodicities have been linked with the ebb and flow 
of ocean tides that have a period of about 12 hours. Hoffmann (18) mentions the 
marine invertebrate, Actinia equina, which retracts its tentacles and closes its 
sphincter during ebb-tide for several days after it had been removed to a laboratory 
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tank. In German communities on the North Sea coast there is a popular notion that 
births occur during high tide, not only of human beings but also of livestock. A far- 
mer will not stay up at night to assist a cow in labor if the tide is low. Similar 
reports have come from Japan. Kirchhoff and Harfst (19) studied the incidence of 
1360 births in coastal towns and found a distinct, though not overwhelming, prepon- 
derance of births during flow-tide. 

In the three-hour period straddling the height of the tide there were 378 births, 
as against 285 during a similar period at ebb-tide, or a ratio of 4 to 3. They could 
not, however, confirm the equally prevalent notion that labor pains are strongest 
around flow-tide. Also, in an analysis of 7074 births at Kiel, on the Baltic, where 
there are practically no tides, the births were found to be uniformly distributed over 
the hours. What the cause of this tidal periodicity may be is not known. 


DIURNAL PERIODS 


Most of the publications pertaining to rhythmicity and periodicity deal with the 
24-hour, or diurnal, period of day and night. For purposes of classification, the 
papers may be divided according to the phenomenon studied or the type of animal 
involved. For the former, there are reports on somatic activity or motility, visceral 
activity, and body temperature; for the latter, water-inhabiting invertebrates, air- 
inhabiting invertebrates, poikilothermal vertebrates, birds, mammals and man. 
Diurnal rhythmicity can be distinguished from mere periodicity by the criterion of 
persistence, following the suggestion of Welsh (1). 

Activity in Invertebrates. Copepods swim nearer to the ocean surfaces at night 
than in the daytime. Welsh, Chace and Nunnemacher (20) hold light (or variations 
in light intensity) to be the most important external factor in this diurnal migration. 
That no true diurnal rhythm is developed in these animals was shown by Schallek 
(21) who observed the up-and-down migrations of the copepod Acartia tonsa, kept 
in tall glass cylinders, in the laboratory, with the alternation of day and night, and 
by artificially regulating the illumination. ‘Migration ceases under constant con- 
ditions; it can be reversed by illuminating the animals at night and keeping them in 
the dark by day; and the normal 24-hour behavior can be compressed into four 
hours.” 

Although the crayfish exhibits a diurnal activity rhythm under natural condi- 
tions (greater activity at night), the cave crayfish, Cambarus pellucidus, obtained 
from Mammoth Cave, and made to record its motor activity by a modification of the 
Spencer ichthyometer, was found by Park, Roberts and Harris (22) to be entirely 
arrhythmic, as far as day and night were concerned. However, this animal showed 
a photonegative orientation. 

Park and Keller (23) captured a variety of nocturnal insects. The forest cock- 
roach, whose peak of activity is naturally between 8 P.M. and midnight, could be kept 
in continuous motility when placed in a dark room, but, under the same conditions, 
the forest mycetocole preserved its night activity and daytime rest. Likewise, Park 
(24) found the black passalid beetle to be arrhythmic in the dark, while millipedes 
persisted in their night activity after 10 to 18 days in total darkness. Crawford (25), 
whose review of habits and characteristics of nocturnal animals has an extensive 
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bibliography on the subject, is puzzled by the factors that make an animal active 
during one or another portion of the 24-hour period: ‘The fact that the long-horn 
grasshoppers are in some species nocturnal, in some diurnal, while practically all are 
apparently protectively colored and all face the same conditions, is difficult to ex- 
plain. Along with almost any form, active at night for any apparent reason, can be 
found a closely related form not active at night, yet exposed to the same conditions.”’ 
For several species of cockroaches and the mosquito Anopheles maculipennis, the 
immediate cause of nocturnal activity was determined by Necheles (26). He 
attributed the hiding of these insects during the daytime to the high temperature and 
low humidity of the air which could cause excessive loss of water by the animals. 
Mellanby (27) studied the activity of both cockroaches, Blatta orientalis, and bed- 
bugs, Cimex lectularius, in a natural infestation of a laboratory rat-room. Activity 
was determined by the number of specimens caught in a trap, which was emptied at 
3-hour intervals. For the bed-bugs, at least, Mellanby could find no correlation 
between activity and either temperature or humidity. In the cockroaches, artificial 
illumination almost entirely abolished activity (28), but in bed-bugs it only reduced 
it 65 to 80 per cent. Cockroaches almost never appeared during the day and were 
caught in greatest numbers prior to midnight, while bed-bugs were out in small 
numbers at all times and had their greatest activity after midnight. Only cock- 
roaches had a diurnal periodicity, the bed-bugs really operating on a 6-day cycle, but, 
being photophobic, came out mainly at night. According to Mellanby, in the cock- 
roach “rhythmic activity is apparently controlled by an internal mechanism.” 
Kalmus (29) described and analyzed the “hatching rhythm” of cultures of 
Drosophila flies. The larvae naturally emerged during the hours preceding sunrise, 
whether kept in colonies or isolated from each other. Light was the controlling 
factor, an inverted illumination schedule resulting in an inverted emergence rhythm. 
In cultures that hatched in the dark, the emergence was aperiodic, but the 24-hour 
rhythm persisted when the cultures, previously illuminated diurnally, were later 
kept in constant darkness. Acquisition of the diurnal rhythm seemed to be entirely 
‘“‘athermochronous,”’ i.e., with the usual 24-hour alternation of light and darkness; 
temperature variations from 12 to 28° C. had no effect on the frequency of emergence. 
However, in cultures, which developed the 24-hour rhythm at very low or high en- 
vironmental temperature, subsequent continuous darkness led to a slight lengthening 
(up to 26 hours) or shortening (down to 20 hours), respectively, of this previously ac- 
quired diurnal rhythm. Furthermore, when the change in temperature was induced 
simultaneously with the initiation of darkness, the emergence rhythm could be brought 
down to 16 hours (by warmth) or raised to 60 hours (by cold). Diminishing the 
oxygen tension in the culture bottles had the same effect as lowering the temperature. 
Kalmus was able to establish the 24-hour emergence rhythm by a single period of 
illumination lasting 2 to4 hours. Here, too, the effect of temperature depended upon 
whether or not the change was made before or after the light was turned off. If 
the temperature was altered at the beginning of the lighting period and then held 
constant, a regular 24-hour rhythm developed in a previously aperiodic, dark-kept 
culture. If the temperature was changed immediately after turning off the light, the 
rhythm was altered. The exposure to light, thus, had the effect of delaying emergence 








6 NATHANIEL KLEITMAN Volume 29 


by about 20 hours and, at the same time, causing the appearance of a 24-hour rhythm 
of emergence in constant darkness, provided that the temperature was not changed 
as soon as darkness began. 

Color Changes in Invertebrates. Numerous instances of diurnal rhythms in the 
eyes and integument of invertebrates can be found in the reviews of Welsh (1) and 
Brown (30). In the Bermudan isopod, Ligia baudiniana, which is dark during the 
day and light-colored at night, Kleinholz (31) demonstrated that the diurnal! alter- 
nations of pigment-cell dispersion (darkness) and contraction (lightness) were not 
due to a rhythm of exhaustion and elaboration of hormone production by the sinus- 
gland: injection of aqueous extracts of heads of Ligia, either in the dark or light-pig- 
ment phase, into the body spaces of dark Ligia always brought about a lightening of 
the color. Brown (30) does not rule out a hormonal diurnal rhythm in some other 
structure, not located in the head. 

I was not only able to confirm Kleinholz’s finding that the diurnal pig- 
ment rhythm of Liga persisted in the dark, but developed an artificial 18-hourrhythm 
or periodicity, by subjecting the animals to a succession of periods of 10 hours of 
light and 8 hours of darkness (32). Paradoxically, in the newly-induced rhythm, 
the Ligia were light, instead of dark, during the illumination phase of the 18-hour 
period. 

Activity in Poikilothermal Vertebrates. There are very few reports on diurnal 
variation in activity of fishes. Spencer (33) graphically recorded the movements of 
four species of fresh-water fishes, kept in a laboratory basement in the summer, with 
little diurnal variation in water temperature. The carp and mud minnow were swim- 
ming mostly at night, while the sunfish confined its activity almost entirely to day- 
time hours, and the rock bass showed little diurnal variation. Whether the diurnal 
changes in activity were true rhythms, or a periodicity following the alternation of 
light and darkness, was not stated. 

A peculiar inversion of the diurnal periodicity in migrating salmon seems to be 
connected with their age or the direction of water-flow. According to Neave (34), 
the upstream migration of salmon takes place mainly during daylight hours. Light, 
rather than volume or temperature of the water, appeared to be the determining 
factor. Salmon fry, on the other hand, are reported by Pritchard (35) to swim down- 
stream only at night. Even moonlight has a slowing effect on their migration. 

Kalmus (29), unlike Coghill and Watkins, did not observe any cycle of less 
than 24-hours’ duration in Amblystoma larvae. He did find the latter active at 
night and quiescent in the daytime. He showed this alternation to be a diurnal 
rhythm by its persistence in continuous darkness and by its reversibility under an 
inverted 24-hour schedule of illumination. After hypophysectomy the diurnal 
rhythm no longer persisted in the dark, but thyroidectomy was without effect. 

Color Change in Vertebrates. Welsh (1) reviewed reports of diurnal skin pig- 
ment dispersion rhythms in the lamprey and salamander. The rhythms persisted 
in darkness, but were abolished by continuous light. Rahn and Rosendale (36) 
obtained similar results with the lizard, Anolis carolinensis, which is normally bright 
green at night and dark brown in the daytime. The color rhythm persisted for as 
long as 18 days in continuous darkness, but uninterrupted light abolished it in some 
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animals. Hypophysectomy destroyed the rhythms, the lizards becoming perma- 
nently green, due to pigment concentration. The authors concluded that the 
rhythm they studied was really one of melanophore hormone secretion by the pars 
intermedia of the hypophysis, resulting from intermittancy of light. 

Activity in Birds and Mammals. Cook and Fredrickson (37) made direct ob- 
servations of the frequency of movement of canaries for one hour, five times daily, 
at 9 A.M., noon, 3, 6, and g P.M. The animals were exposed to one of two light in- 
tensities, a low one, just strong enough to make the birds visible, and another, eight 
times the intensity of the lower one. Aside from being more active under the in- 
fluence of the stronger light, the canaries showed a distinct diurnal curve of activity 
with either light, the highest average number of groups of movements per minute 
(up to 2.67), and shortest interval between groups occurring at 3 P.M. The curve 
was not quite symmetrical, as activity was smaller at 9 P.M. than at 9 A.M. 

Among mammals, rodents appear to be the animals of choice for the study of 
diurnal variation in activity. Captured wild deer mice confine their activity to 
night hours, according to Johnson (38). Davis (13) found that the vole has, in 
addition to the 2- to 4-hour feeding cycle, a diurnal rhythm of activity, with a maxi- 
mum at night. The wood rat sleeps in the daytime, but is quite active during the 
night (39). When not hibernating, the hedgehog is active for about 6 hours out of 
every 24, but the activity is limited to night hours. Herter (40) described three 
nocturnal activity periods in this animal: a maximal one between 6 and 8:30 P.M., 
and two others, less intense, at 12:30 to 2:30 A.M. and 4:00 to 5:30 A.M. The chip- 
munk, Tamias striatus griseus, on the other hand, kept in constant darkness, with 
uniform air temperature and relative humidity for 44 days, was found by Park (41) 
to run up 82 per cent of its activity between the hours of 7 A.M. and 6 P.M. 

The amount and distribution of daily activity are markedly affected by partial 
or complete deprivation of food. Richter’s rats, when starved but supplied with 
water, increased their activity for 2 to 3 days, then gradually descended to almost 
complete inactivity on the eighth day (42). Shirley (43) could modify the distribu- 
tion of activity in rats, under continuous light, by feeding them at different hours. 
When fed at 1:30 P.M., the animals remained inactive till evening, were moderately 
active between 6 P.M. and 1 A.M., then, after almost complete quiescence for the 
remainder of the night, had an outburst of activity during the forenoon. A maxi- 
mum was reached in the hour just before feeding, which accounted for 21.8 per cent 
of the day’s total activity. Somewhat the same distortion of the diurnal pattern 
of activity can be seen in the ‘actograms’ of mice, published by Achelis and Noth- 
durft (44). Ona qualitatively and quantitatively adequate diet, placed in the cages 
between 11 A.M. and noon, their mice had a diurnal activity rhythm, with consider- 
able movement between 6 and 11 P.M. and smaller periods of activity distributed 
irregularly over the remainder of the 24 hours. When the diet, while qualitatively 
still adequate, was so decreased that the mice at first lost some weight and then 
were just able to maintain it at a lower level, the actogram was completely changed: 
feeding was followed by complete inactivity which lasted till morning, then a greatly 
increased activity during the forenoon (pre-feeding) hours. The authors suggest 
that the actograms be used as nutritional indices. Results, in line with the above 
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on rats and mice, were obtained by Engelmann and me (45) on rabbits, which, with 
food in the cages at all times, were more active at night than in the daytime, the 
minimum occurring around noontime. When food was available only between 9 or 
10 A.M. and 3 or 4 P.M., the animals ate about 25 per cent less than previously, but 
the incidence of activity changed sharply, amounting almost to a reversal of the 
pattern, with a greater diurnal range. The rabbits were most active during the day, 
increasing their movement not only in the hours just prior to feeding, but also after 
food was supplied. Restricting the period of availability, and thus indirectly the 
quantity, of food rendered the rabbits more definitely active and diurnally periodic. 

Wald and Jackson (46) echoed the conclusions of Achelis and Nothdurft, on 
the basis of global daily activity of rats, as determined by counting the revolutions 
of running wheels, to which the animals had access. Starvation increased the daily 
run four- or five-fold. Their conclusion: “High running is not, therefore, a reliable 
sign of well being and optimal performance. It may be a sign of want. When 
healthy, intact animals are most completely provided with their needs they run 
minimally. This relation may be used as a criterion of dietary adequacy.”’ The 
hyperactivity connected with the need of satisfying some bodily want corresponds 
to the “‘wakefulness of necessity,’’ postulated in the evolutionary theory of sleep 
and wakefulness (7). 

The sheep and pig show entirely different diurnal variations in activity. Curtis 
(47), by attaching pedometers to his animals, found both to be predominately active 
during the day, the pig a little more than the sheep. The percentage of the 24-hour 
activity that occurs between the hours of 6 A.M. and 6 P.M. is 78 for the sheep and 88 
for the pig. The guinea-pig, according to Nicholls (48), is practically continuously 
active, with no diurnal variation whatsoever. The effect of constant light was to 
decrease its activity by 4.6 per cent, as compared to the figures obtained under con- 
stant darkness. It is undoubtedly an exaggeration to state, as Nicholls did, that 
the guinea-pig is active 89 to 93 per cent of the time, since no measurements of the 
actual duration of activity were made. In our study of the diurnal distribution of 
activity of rabbits (45), movements of the animals activated an electric clock, the 
second hand of which closed an electric circuit once every sweep. In this way each 
minute of activity, whether continuous or made up of the sum of several shorter 
periods, was recorded on a kymograph by means of a signal magnet. The rabbits, 
which seemed to be moving all the time, spent as little as 4 minutes, and seldom more 
than 20 minutes, in actual motility, out of each hour—an average of 53 to 6 hours 
of activity out of every 24. 

The majority of the experimental procedures in the study of the diurnal ac- 
tivity rhythm involved changing the natural alternation of light and darkness, in 
order to extinguish, reverse or modify the rhythm. Slonaker (49) was able to de- 
crease the night activity of the rat by continuous illumination. Richter (42) showed 
that this diurnal rhythm persisted under conditions of constant darkness. Brow- 
man (50), using both continuous darkness and continuous light, obtained different 
effects on the diurnal activity rhythm of rats. In the dark, the rats retained their 
usual rhythm. Light, kept on for 4 to 9 weeks, caused a peculiar disorganization 
of the rhythm: a repeated back-and-forth shifting of the maximum activity from 
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solar night to solar day hours, each phase lasting 5 to 6 days. Johnson (38) in the 
wild mice, Davis (13) in the vole, Wolf (51) in the dancing mouse, and Griffin and 
Welsh (52) in the bat, all found that constant darkness did not abolish a previously 
established diurnal activity rhythm. In mice, reared in darkness from birth, there 
did not develop a diurnal activity rhythm (51). Hunt and Schlosberg (53) blinded 
or castrated rats, but these operations did not extinguish the activity rhythm, al- 
though the diurnal fluctuations tended to be less marked. 

Browman (54, 55) compared the effect of alternating light and darkness and 
high and low room temperatures on the activity of normal and blinded rats. Light 
inhibited the activity of normal rats, regardless of temperature variations. In the 
blinded rats (as well as in normal rats kept in the dark) a diurnal activity periodicit* 
could be established by changing the room temperature every 12 hours. The animals 
were more active during periods when the temperature was 16 than when it was 27° C., 
whether the alternations did or did not coincide with solar day and night. In normal 
animals, the total activity was substantially unchanged by turning the light on and 
off every 12 hours or every 8 hours. 

Reversal of the activity rhythm by an inverted daily schedule of artificial il- 
lumination and darkness was achieved by Johnson (38), Browman (50, 54, 55), and 
Hunt and Schlosberg (53). However, attempts to establish 16-hour activity rhythms, 
by Johnson (38) in wild mice, and by Hemmingsen and Krarup (56) in rats, resulted 
in failure, though light usually had a depressing effect on activity. 

Contrary to data reported on poikilothermal vertebrates (29, 36), Levinson, 
Welsh and Abramowitz (57) could not abolish the diurnal activity rhythm of the 
rat by hypophysectomy. ‘The operation itself depressed activity, the latter never 
reaching the preoperative level. The diurnal rhythm was maintained in the dark 
and could be reversed by changing the schedule of illumination. 

Activity and Performance in Man. Human beings are discussed separately from 
other mammals, because in the former, social influences are much more important 
than changes in the physical environment in the establishment and maintenance of 
many diurnal rhythms. It is true that customs, with respect to daily schedules of 
sleep, work, meals and play, represent a group adaptation to the 24-hour alternations 
of light and darkness, but for the individual, it is more a matter of acculturation 
than acclimatization. The activity of newborn babies is governed in the main by 
the gastric hunger cycle. However, variations in room temperature and in the 
amount of noise make themselves felt in the early days of the baby’s extrauterine 
life. In the four neonates on a self-demand feeding schedule studied by Marquis (16), 
the intervals between ‘demands’ were, on the average, 2.86 hours by day and 3.61 
hours at night, the day-night difference being significant for each baby. Periods 
of quiet exceeding 5 hours predominated at night (23 out of 28), whereas periods of 
less than 2 hours’ inactivity occurred mainly in the daytime (34 out of 48). In 
Gesell’s book (58) there is a report of observations made on the activity and con- 
dition of a healthy infant (/J.), at 30-second intervals, from 20 minutes after birth 
till the age of 15 days. Not only was there a gradual diminution of the number of 
sleep periods, and therefore an increase in the duration of individual naps (‘consoli- 
dation’ vs. ‘segmentation’), but the sleep-wakefulness ratio soon showed a diurnal 
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periodicity. During the third day the baby was awake 40 per cent of the time, with 
no diurnal variation. By the sixth day, the percentage of wakefulness increased 
to 48 between 6 A.M. and 6 P.M., but fell to 35 during the 12 night hours. Further 
progress consisted of a slight increase in daytime wakefulness, but a marked decline 
in number and duration of waking periods at night. 

Mullin (59) followed the amount and diurnal pattern of activity of a baby 
during the first 15 months of his life. Activity was greater as time went on, but the 
day-to-night ratio, for the first two months close to 1, was raised to 2 in the third 
and fourth months, until by the seventh month it exceeded 3, not only through an 
increase in activity during the day, but also a decrease during the night, as compared 
to the earlier months. 

In older children and adults, the diurnal pattern of activity is influenced by a 
number of social factors, compulsory or elective character of the activity (work or 
play), financial or prestige incentives, and the personality or temperament of the 
individual. Speed and accuracy in carrying out a short-lasting task, under laboratory 
conditions, usually reveals a diurnal variation, but curves of performance seem to 
vary with the experimenter, his subjects, and the activity studied. Freeman and 
Hovland, in their review (3), prepared a table of data on diurnal variation in sensory, 
motor and mental performance, revealing four types of performance curves: a con- 
tinuous rise through the whole period of observation, a continuous fall, a rise followed 
by a fall, and a fall followed by rise. While there is no present explanation for the 
last type of curve, the first three can easily be correlated with the peculiarity of in- 
dividual adaptation to the diurnal routine of existence, as will be shown in the section 
on body temperature. 

In our experience (7) the third type performance curve, a rise followed by fall, 
was prevalent in a variety of muscular and mental tasks. Among them were: deal- 
ing and sorting playing cards, mirror drawing, copying texts, transcribing codes, 
multiplying eight-digit numbers, color-naming, hand-steadiness, reaction time, in- 
cidence of ‘blocking’, etc. The activity of the extrinsic eye musculature is of special 
interest, as binocular eye fixations go on throughout the waking period or as long 
as the eyes are open, irrespective of whether or not the individual is at work, play or 
rest. Schreider and I (60) have determined the variation in the ability of several 
subjects, kept awake overnight, to fixate their gaze on a point for five-minute periods, 
at 2-hour intervals. An ocular imbalance leading to diplopia became more marked 
with time, reaching its greatest extent in the early hours of the morning, when sleepi- 
ness was extreme. But later in the day, as the subjects became more wide-awake, 
good binocular fixation was gradually restored. The fatigue of continuous use of the 
eye-muscles was, thus, aggravated or attenuated in the different phases of the diurnal 
rhythm. 

Body Temperature of Mammals and Birds. There is little to add to the older 
observations of Galbraith and Simpson (61, 62). The rabbit, they found, had its 
highest rectal temperature in the evening. This was confirmed by us (45), but was 
shown to be linked to the feeding habits of this species. When we restricted the 
food intake to a few hours (9-10 A.M. to 3-4 P.M.), the rabbits’ temperature showed 
a marked rise during that period, reaching a maximum in the afternoon, instead of 
in the evening. 
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In the monkey, Galbraith and Simpson (61) were able to reverse, as well as to 
extinguish the rather marked diurnal temperature curve. Gradual extinction was 
accomplished in constant darkness in one week. 

The same authors (62) reported the following characteristics of the diurnal tem- 
perature variations in birds: @) dependence on activity habits—the owl, for instance, 
having its highest temperature at or after midnight; b) higher temperatures in females 
than in males; and c) a greater diurnal range the smaller the bird,—the value for 
the duck being 0.92°C., and for the thrush 4.27°C. Hildén and Stenbaek (63) suc- 
ceeded in reversing the diurnal body temperature of birds by inverting the alterna- 
tion of light and darkness. 

Body Temperature of Man. It has been amply demonstrated by Jundell (64) 
and others (59, 65) that the diurnal body temperature rhythm in man is developed 
by acculturation and maintained by and through adherence to the socially prevalent 
routine of living. It remained to be demonstrated that the temperature level and 
the shape of the diurnal body temperature curve were related to, and could be used 
as an index of, efficiency, as measured by the speed and accuracy of performance 
(7, 66). Furthermore, while under usual conditions of civilized existence, the body 
temperature reaches its peak during the wakefulness phase of the 24-hour period, 
and its minimum during sleep, there are distinct individual variations in mean com- 
posite diurnal temperature curves (7, 67). So-called morning types reach their maxi- 
mum temperature early in the day. Their performance is better immediately upon 
getting up in the morning than just prior to going to bed at night. This may seem 
logical, since sleep is universally considered as having a restorative effect, but 
the body temperature in morning persons is higher in the morning than at night. 
At either end of the waking period, however, temperatures are rather low and per- 
formance poor. If a morning individual is first tested in the laboratory two or three 
hours after he gets out of bed, he may by that time have reached his body temper- 
ature peak and his performance will show a downward trend, falling into the second 
category of Freeman and Hovland’s diurnal curves. Conversely, an evening type, 
who ‘comes to life’ toward the end of the waking period, dislikes going to bed at the 
conventional retiring hours and ‘hates to get up in the morning’, will show a rising 
body temperature curve during the day, and his performance will fit into the first 
group of curves. The in-between individual, whose body temperature rises till the 
middle of the afternoon and then begins to fall, will show an increase in efficiency, 
followed by a gradual decrease. There are many gradations between the two ex- 
tremes, but recently an entirely different temperature curve has been found (67) 
where, after an early morning rise, there is a temperature plateau for the rest of the 
day, and sometimes well into the evening. Such plateaus were obtained in two 
factory foremen, and it is impossible to say how prevalent they are among gainfully 
employed persons who have to do a daily stint of work at a uniform rate for several 
hours. 

The frequency distribution of body temperature figures for each hour, on many 
successive days, is another personal characteristic. In some individuals, the body 
temperature variations for any hour, over a period of several months, may exceed the 
mean diurnal body temperature range (67); in others the repetitiveness of successive 
diurnal curves is very close. In almost all persons, when a large number of readings 
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have been made, the frequency distribution histograms of temperature for any given 
hour of the day and night will form a symmetrical probability curve. 

The human diurnal body temperature curve can be shifted or completely reversed 
by changes in the daily routine (7,67). Burckard and Kayser (68) reversed the body 
temperature curve of a 27-year-old bedridden idiot, by changing the hours of illumi- 
nation and feeding. 

Attempts to establish body temperature rhythms of more or less than 24 hours 
by a changed routine of living led to success in some subjects and failure in others (7). 
The length of the artificial period is of importance. Adjustment could be made to 
21- and 28-hour periods (8- and 6-day weeks), but not to 48 or 12 hours (7, 68). 

Magnussen (69, 70) advanced the view that “‘there is a close connection between 
peripheral vasodilation and vegetative preparedness for sleep’’, as shown by ‘“‘rhyth- 
mical diurnal variations in skin temperature of man.” Actually he studied only the 
temperature of the skin of the feet (toes and dorsal surfaces), and found that in this 
region the skin temperature might suddenly go up as much as 10° C. an hour or two 
before the onset of sleep. But foot or toe skin temperatures are not even indicative 
of temperatures in general. We observed at times opposite variations in the skin 
temperatures of the hands and feet (71). Following a meal there is usually a rise of 
both finger and toe skin temperature, but muscular relaxation leads to a drop in 
finger temperature and a simultaneous rise in toe temperature. In the pre-sleep 
hours of the evening, there is thus a combination of two toe-skin temperature-raising 
influences (meal and muscular relaxation), and they, rather than a diurnal variation 
in general sympathetic activity, are responsible for the elevation of the skin temper- 
ature of the feet. 

Other Diurnal Variations in Animals. The diurnal glycemic variation in rats, 
with values about ro per cent higher at midnight than at noon, was definitely related 
by Pitts (72) to the animals’ feeding habits. Rats trained to feed during the day 
showed a reversal of the blood-sugar curve, even though they were more active at 
night. The diurnal variation disappeared after the animals were deprived of food 
for 36 to 48 hours. A similar coupling with feeding habits was earlier reported by 
Higgins, Berkson and Flock (73), for gross weight of the liver (as well as its water, 
glycogen, protein and fat content) in rats. 

Levinson (74) determined the variation in intermedin content of the rat’s blood, 
at 3-hour intervals, through 24 hours. The assay was based on the degree of mel- 
anophore expansion produced in pale frogs. More intermedin was found in the blood 
at night, when the rats were active, than in the daytime. In this connection, it 
may be mentioned that hypophysectomy, according to Jores (75), does not entirely 
abolish the diurnal variation in glycogen and bile pigment content of the rat’s liver, 
which is in line with the effect of this operation on its diurnal variation in activity (57). 

Swan (76) reported a diurnal fluctuation in blood lactate in the normal resting 
dog. There were two peaks, one at noon and another at midnight, the latter lacking 
the well-sustained character of the mid-day rise. 

In the normal daily 16-mv increment of dentin on the incisor of the rat, Schour 
and Steadman (77) demonstrated a succession of dark and light layers. The former, 
well calcified, was laid down in the daytime, the latter, poorly calcified, at night. 
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These stratifications are probably a reflection of the well-demonstrated feeding 
habits of the rat (72, 73). 

A different aspect of growth was studied by Carleton (78)—mitotic activity in 
the epidermis and epithelial cells of hair follicles of new-born mice, in the main, but 
also in a few recently weaned rats. The animals were killed at 4-hour intervals and 
the number of cells with mitosis out of a 5000-cell count recorded. The highest rate 
of cell division occurred at 8 p.M., lowest at noon. Attempts to shift the incidence 
of maxima and minima in the mice by artificial illumination for 12 hours were unsuc- 
cessful. The rhythm was still present when animals (both mice and rats) were kept 
in the dark for 7 to 14 days, but was destroyed by exposure to continuous light. 

Other Diurnal Variations in Man. Although the heart rate changes continually, 
mean values for successive hours of the diurnal period yield a definite curve which 
is, by and large, parallel to the body temperature curve (67), except for the frequent 
postprandial increase. The latter may cause a rise in heart rate after the evening 
meal, when the body temperature is falling rapidly. By reversing the routine of 
living, one can invert the diurnal heart rate curve, along with the inversion of the 
body temperature rhythm. The heart rate variation probably represents a com- 
plex periodicity, depending directly upon the body temperature, a change of 1°F. 
causing a swing of 10 to 20 heart beats per minute. 

Diurnal variation in blood sugar is bound up with food intake, as it disappears 
on fasting, according to Sweeney (79). Shaw (80) found two waves in the diurnal 
variation in leukocytes (granulocytes only, not lymphocytes): one crest after mid- 
night and the other in the afternoon. These waves are independent of food intake, 
exercise or sleep. Swan (76) sees a similarity between his data on blood lactate in 
the dog and Shaw’s on the leukocyte count in man. 

Renbourn (81) made an extensive study of variations in a number of blood con- 
stitutents, using fit army personnel as subjects. Most individuals showed regular 
diurnal curves for hemoglobin, hematocrit and plasma protein. The plasma protein 
level showed no significant changes during the usual waking hours, but after 10 P.M. 
dropped markedly and independently of bed rest. There were no diurnal variations 
in the erythrocyte sedimentation rate or in blood chloride. As some of the work 
was done in North India, where the diurnal air temperature range was 30 to 40° F., 
Renbourn points out the importance of doing the analytical work at a temperature 
of about 60°. Keeping a sample of blood at 104° for 4 hours produced an increase 
of 10 per cent in hematocrit reading and plasma protein concentration. It is possible 
that some reported findings of diurnal variation in blood constituents may have re- 
flected differences in room temperature at the times the analyses were made, rather 
than physiological changes. 

Gerritzen (82) spent 74 hours in bed, taking the same amount of water and food 
every hour. There was a diurnal variation in the urinary excretion of water, chloride 
and urea, with a peak in the early afternoon. Gerritzen concluded that not only 
the liver and kidney, but “‘all the organs of the human body function rhythmically”, 
in accordance with a universal biological law. 

Kroetz (83) measured the minute-volume of the heart in normal subjects, kept 
awake in bed, with little food or drink. Highest values were obtained between 6 P.M. 
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and midnight, lowest, at 4 to6 A.M. Under the same conditions, the highest venous 
blood pressure was in the evening, lowest in the morning; vital capacity of the lungs 
was greatest in the afternoon and least at 2 A.M.; and the foot and lower third of leg 
volume rose gradually during the customary waking hours, dropping between 1 and 
9 A.M. The range of diurnal fluctuations varied from 15 to 25 per cent. 

Fragmentary data are available on changes in the basal metabolic rate during 
the morning hours. Berkson and Boothby (84) repeatedly ran two to nine tests, all 
before noon, on 19 adults. The composite curve shows an initial slight decline, fol- 
lowed by a relatively marked rise. Unfortunately, no concomitant body temper- 
ature figures were given, but it is more than probable that the temperature curve 
would parallel the metabolic one. 

Similarly, one can trace, along with the diurnal upsurging of the body temper- 
ature, a rising cutaneous sensitivity to tetanizing faradic current, expressed as the 
reciprocal of the threshold stimulus, starting in the morning and running into the 
afternoon (85). If muscular relaxation, during the morning, leads to a drop in body 
temperature, there is a simultaneous decrease in cutaneous sensitivity. On the other 
hand, diurnal variations in acuity of olfaction have been shown by Goetzl and Stone 
(86) to be connected with hunger, rather than with the time of day: there is a precibal 
increase in sensitivity to odors. 

In a breakdown of the hourly incidence of occurrence of 39,929 epileptic fits, 
Griffiths and Fox (87) discerned a triple wave, with the main crest at 6 to 7 A.M., and 
lesser ones at 11 A.M. tonoon and at 11 P.M. Sleep, especially the times of its onset 
and termination, seems to be the most important factor in the determination of these 
maxima of attacks. In an analysis of the hourly distribution of 9954 cases of onset 
of labor by Kirchhoff (88), there was a definite maximum at 8 P.M. to midnight, with 
21 per cent, and a minimum between 9 A.M. and 1 P.M., with 13 percent. An idealized 
sinusoid curve of this distribution has a crest at 11 P.M. and a trough at 11 A.M. 
Kirchhoff quotes data from Zangemeister, which show a maximum also in the four 
hours preceding midnight, but a minimum in the succeeding four hours, when Kirch- 
hoff’s own data are close to the maximum (19.6 per cent). There is agreement, then, 
only on the hours of the greatest frequency of the onset of labor. By contrast, the 
incidence of actual births, according to Kirchhoff, is the same at all hours, but here, 
too, he quotes Lane and Jenny as finding a maximum occurrence at 2 to 5 A.M., and 
a minimum in the corresponding hours of the afternoon, with a difference between 
the two of 40 per cent (17000 vs. 12000). Petersen (10) plotted Marbe’s studies 
on data collected at Wuerzburg, in which the greatest number of births took place at 
1 to 2 A.M., but the fluctuations from hour to hour were too extreme to indicate a dis- 
tinct diurnal variation. 

In a repetition of Carleton’s study (78), Cooper (89) determined the percentage 
of cells showing mitosis in s5000-cell counts in the normal skin of the prepuce, re- 
moved by circumcision, at intervals of one hour or less, throughout one 24-hour period. 
On the basis of skin samples from 57 newborn infants, there was a significant differ- 
ence in the average number of dividing cells between the 22 samples obtained at noon 
to midnight (23.41 cells) and the 35 between midnight and noon (13.29 cells). 














January 1949 BIOLOGICAL RHYTHMS AND CYCLES 15 


PERIODS OF MORE THAN 24 HOURS: SEX CYCLES 


There is an extensive literature, including reviews and monographs, on the 
primary and secondary morphological changes and physiological events that char- 
acterize the sexual cycle, and the hypophyseal-ovarian interrelationships that govern 
its successive phases. ‘This review will therefore be limited to associated or con- 
comitant behavioral and functional periodicities, as well as the timing, duration and 
modification of the cycle itself, which may vary from a few days to a whole year. 

Sex Cycle in Animals. ‘There is a marked variation in the activity of the fe- 
male albino rat during the successive phases of the estrus cycle, with maximum ac- 
tivity at the peak of the cycle coinciding with the period of sexual receptivity (12, 
39, 55, 90, 91), but Colton (39) could detect no such cyclical changes in the activity 
of the female wood rat. The duration of the rat’s estrus cycle is usually given as 4 to 
43 days, but the height of activity tends to be superimposed upon the diurnal rhythm, 
according to Hemmingsen and Krarup (56), leading to a midnight maximum at 4- 
day intervals. These authors could shift the maximum to noon by reversing the 
lighting conditions and thus the diurnal cycle of activity. Browman (55) obtained 
similar results, but was able, in addition, to change the onset of estrus in blinded rats, 
and in normal rats kept in continual darkness, by varying the room temperature in 
a diurnal manner. The onset of estrus, under such conditions, occurred at the end 
of the cool 12-hour period. Alternating the temperature on the same schedule, but 
keeping the light on continuously, caused a-prolongation of the cornified stage of the 
vaginal epithelium of normal rats, making the duration of the cycle five days, instead 
of four. Slonaker (91) noted a marked increase in activity of rats during early preg- 
nancy (up from 40-50 per cent of the total time to 73), but a decrease in late pregnancy 
(down to 33 per cent). 

The sow more than doubles its 24-hour activity during estrus, but is especially 
restless at night (47). In one case the number of steps taken by a sow in heat during 
the night was nearly seven times greater than usual (2243 as compared to 346). 

Rogers (92) followed the variations in the differences in electrical potential be- 
tween the vagina and symphysis pubis, in a number of sexually mature rats, over 2 
to 5 consecutive estrus cycles. The differences were most marked during late estrus, 
but all cyclic variations could be abolished by ovariectomy and reinstated by in- 
jections of appropriate amounts of theelin. 

Bissonette (8) reviewed the literature on sexual photoperiodicity, usually ex- 
hibited by seasonal breeders. In most cases, it is the increase in the proportion of 
daylight during the spring that is responsible for the development of the gonads in 
both males and females. In starlings it is possible to achieve complete spermato- 
genesis and maximum size of testes in 4 to 6 weeks, any time between November 
and May, by artificially lengthening the daytime hours. This also applies to ferrets, 
juncos (snow birds), and turkeys, but sheep go into estrus when the days get shorter, 
thus dropping their young in the spring. On the other hand, variations in length of 
days have no effect on the sex cycle of the stickleback (a fish), the 13-lined ground- 
squirrel, or the guinea-pig. The latter, it will be recalled, shows no diurnal variation 
in activity (48). The stickleback responds to changes in environmental temper- 
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ature, while the hedgehog is affected by temperature and length of day. Humidity, 
rainfall and food supply have also been found to modify the sex rhythm of certain 
species. 

Kendeigh (93) tested Rowan’s hypothesis that it is the longer wakefulness and 
activity, indirectly induced by longer days, rather than the light itself, that furthers 
the development of the gonads in birds. Increasing the daily period of activity of 
English sparrows, by placing them in rotating cages, without added light, had no 
effect on the gonads of either males or females. 

A peculiar seasonal difference in the egg production of the domestic fowl was 
described by Winchester (94) who also collected an extensive bibliography on sea- 
sonal metabolic and endocrine rhythms. During the first productive year (in the 
pullet) maximum egg-laying occurs in November and December, which are precisely 
the months of minimum production for the mature hen. The author concludes that 
“egg production of pullets may be governed by endocrine factors limited to a greater 
degree by age-changes than by environmental conditions which appear to be limiting 
factors for production of 2-year old and older hens.” 

Bissonette (95) demonstrated that the gonad-stimulating effect of light upon 
the ferret is accomplished through the eyes, as two females, whose optic nerves had 
been cut, did not respond to increased exposure to light. Further, impulses from the 
eyes are transmitted to the anterior lobe of the hypophysis, as hypophysectomy 
likewise prevented the recurrence of estrus in this species. 

Experimental induction of spawning in the brook trout, Salvelinus fontinalis, in 
August or September, instead of December, when it usually occurs, was acomplished 
by Hoover (96) through an increase in ‘daylight’ by one hour per week, for eight weeks, 
beginning in February, then gradually decreasing the length of ‘day’ to normal. 
Whether the preliminary lengthening of the ‘day’ was necessary for the premature 
spawning has not been determined. 

Menstrual Cycle in Women. Among the physiological concomitants of the pri- 
mary events of this cycle, body temperature changes have atfracted the attention of 
investigators since 1870, as related in the historical review by Barton (97). In gen- 
eral, there is a slow decline in body temperature during the preovulatory phase, with 
sometimes a steeper drop just prior to ovulation. The latter, however, is followed 
by a sharp rise to a flat or slowly ascending plateau, and a precipitous fall one or 
more days before the onset of menstruation. Basal rectal temperatures were usually 
taken, but, like Cullis, Oppenheimer and Ross-Johnson (98), we found that the 
evening temperatures were as good as morning ones, and mouth temperatures could 
be substituted for rectal (67). 

King (99) reported a general parallelism between basal body temperatures and 
heart rates during the menstrual cycle, but Rubenstein (100) and Altmann, Knowles 
and Bull (101) failed to detect any definite pulse curve. Our data on heart rates (67) 
offer a clue to the failure of recent investigators to detect a menstrual heart rate 
wave. The heart rate varies with the body temperature for a part of the menstrual 
cycle, and against it for another part. Immediately after ovulation, the body tem- 
perature and heart rate rise sharply, but a day or two later, the heart rate falls al- 
most as much as it rose, whereas the body temperature continues on its upward course, 
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as described earlier. This produces a characteristic crossing of the two curves, in- 
dicating that ovulation is definitely over for the particular cycle. Later there is a 
second rise in the heart rate, with another drop, concurrent with the premenstrual 
fall in body temperature. There is thus a single body temperature curve, but often 
two distinct heart rate curves in the course of one menstrual cycle. 

The basal metabolic rate is low during menstruation, but a second low occurs 
at the time of ovulation, according to Hitchcock and Wardwell (102). This was con- 
firmed by Rubenstein (103) in 15 women, in which he also established a complete 
parallelism between variations in basal metabolism and those in basal body tem- 
peratures, at least for the preovulatory phase of the cycle. Both reach their lowest 
points at the time of ovulation, as determined by the vaginal smear method. 

Burr and Musselman (104), and later Barton (105) and Altmann, Knowles and 
Bull (101), have measured the variations in the electrical potential difference between 
the two index fingers during the menstrual cycle. All reported a marked rise in volt- 
age in the preovulatory phase, with a peak at the time of ovulation. Barton (105), 
in a study of 79 women, from all walks of life, over a total of 238 cycles, detected bio- 
electric peaks in every decil of the menstrual cycle, sometimes more than one peak 
in the course of the cycle, and cycles without discernible peaks. But the most fre- 
quent occurrence of peaks was at ovulation time. Altmann, Knowles and Bull (101) 
obtained a better agreement between the vaginal smear index of ovulation and the 
bioelectric one (85 per cent of the cases) than between the latter and the basal rectal 
temperature minimum (58 per cent). 

Parmenter (106) could detect “no consistent unidirectional polarity of the right 
index finger, the potential difference of this member fluctuating both in magnitude 
and polarity from day to day”. Snodgrass and Davis (107, 108) found the cause 
of these erratic results in the temperature differences of the two fingers, warmth 
making a finger more positive electrically, but others (101) did not obtain a good 
correlation between electrical potential differences and differences in temperature of 
the fingers. 

Many studies were made of the variations in emotional states and activity during 
the menstrual cycle, usually by the questionnaire method. McCance, Luff and 
Widdowson (109) collected data on 167 women over a period of 4 to 6 months, a total 
of 780 complete menstrual cycles. Fatigue and depression were greatest during 
menstruation, while sexual feeling was most intense and incidence of elation highest, 
immediately following menstruation, with a secondary peak at about the time of 
ovulation. Altmann, Knowles and Bull (101), from data obtained on 10 women and 
comprising 55 menstrual cycles, observed ‘‘as the most universal and conspicuous 
reaction, an outburst of physical and mental activity before the onset of menstruation, 
coupled with high tension and irritability and preceded or accompanied by depressions. 
Another high in activity was discovered to dominate the ovulative phase of the cycle, 
but this type of activity was free from nervous tension and generally bore the char- 
acter of elation.” 

The determination of the occurrence of ovulation has been a subject of many 
investigations. Its practical importance lies in the application of this knowledge, 
on the one hand, to increase the probability of pregnancy in cases of subnormal 
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fertility, and, on the other, to avoid pregnancy (birth control). Of the various 
methods now available, some (vaginal smear, basal metabolic rate, bioelectric po- 
tentials) require laboratory facilities, while body temperature (oral, axillary or rectal; 
basal, evening, or mean) can be applied by the subject herself, under home conditions, 
and has been found satisfactory by Davis (110) and many others. Especially when 
combined with heart rate data which can also be obtained by the subject without 
laboratory equipment, body temperature variations make it easy to pick the exact 
day of ovulation. 

There is a great variability in the position of the ovulation day (67, 97, 101), 
particularly the way it usually is counted, i.e., from the beginning of the previous 
menstruation. If, however, one determines the interval between ovulation and the 
succeeding menstruation, the variability is smaller and an individual characteristic 
makes its appearance. Thus, our data (67) on three subjects show probable ovu- 
lations, on the average, 16.3, 13.8, and 10.8 days before the onset of menstruation, 
with corresponding individual ranges of 14 to 18, 11 to 16, and 8 to 13 days. 

The duration of the whole cycle also varies from person to person, and in the 
same individual from time to time. In one study of goo cycles (109), the length 
varied from 16 to 44 days, but 45 per cent of the cycles were from 26 to 28 days; in 
another (101), comprising 55 cycles, the range was 23 to 61 days. In a record of 
110 cycles, kept by one woman for eight years, the range was only 25 to 31 days,with 
50 per cent of the cycles 27 or 28 days. 

Among the various exogenous influences on the time of the onset of menstrua- 
tion, and thereby on the duration of the cycle, is the menstruation of another woman 
(relative, roommate) in the immediate proximity (67). In such situations, diverging 
times of menstruation are often gradually shifted until they coincide, or nearly so, 
with each other. 

Lunar influences on the onset of menstruation have been postulated by several 
writers, following the lead of Arrhenius. Petersen (10) quotes statistics to the effect 
that menstruation frequency is accentuated at the new and full moon. 

A solar effect on the menstrual cycle can be discerned in the tendency for men- 
struation to begin on certain dates two or more years in succession. Siblings are 
sometimes born on the same or close dates, several years apart. Riebold (111) in- 
troduced the notion of a ‘physiological week,’ as a biological unit, menstruation oc- 
curring in a multiple (3 or 4) of such weeks. The duration of the week is fixed for 
each person, but may vary in different individuals from 6.5 to 9.1 days, making the 
year equal to from 56 to 40 weeks. Menstruation follows ovulation by two physio- 
logical weeks. One can determine the length of the physiological week of a mother, 
by determining the differences in the birth dates of her children, irrespective of the 
years. 

Seasonal influences on human reproduction will be discussed under annual 
periodicities. 


OTHER PERIODS OF MORE THAN 24 HOURS 


The duration of these periods varies from a few days to many years, and pub- 
lications dealing with them will be considered under two headings: laboratory or 
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observational, and statistical or historical. No reflection is intended on the quality 
of the data gathered by the second method, nor on the validity of the conclusions 
drawn from them. 

Observational Data. As already mentioned, a 6-day feeding cycle has been ob- 
served in bed-bugs (27), the diurnal light-darkness alternation being superimposed 
and thus somewhat modifying this rhythm. Unlike cockroaches, bed-bugs come out 
of their crevices at all times, but much more so at night. The explanation of the 
maxima of activity—before midnight for cockroaches, after midnight for bed-bugs— 
probably lies in the difference in their feeding cycles. Cockroaches feed on a 24 
hour schedule, and hunger brings them out as soon as it gets dark. Bed-bugs are 
just averse to light, rather than completely inhibited by it, and their night emergence 
is more symmetrically distributed with respect to darkness. 

Richter (112) noted a regular cyclic fluctuation in the sleep characteristics of 
three psychotic patients, the intervals varying from 4 to6days. Quoting from Kunze 
and Riesser, de Rudder (113) discusses the correlation between a 5- to 6-day periodicity 
in the phosphate content of rabbit muscle and a corresponding variation in the audi- 
bility of 10-meter waves in radio-telegraphy. 

Weekly periodicities have been reported for body temperature and heart rate 
in man (67), a week-end low corresponding to relative inactivity, and for the blood 
pH (with Sunday crests) of three adult male triplets, studied for several weeks by 
Petersen (10). The latter went so far as to declare that ‘‘one might consider the 
possibility that the human group selected the 7th day of rest because of an existing 
underlying biochemical rhythm!” 

Reimann (114) described 6 cases of periodic disease: 3 of fever recurring at in- 
tervals of 7 to 22 days, 7 days, and 14 to 28 days for 3 to 11 years, and one each of 
neutropenia, arthalgia and myasthenia, with periods of 20 to 22, 14, and 14 to 21 
days, respectively, and durations of 2 to 3 years. In addition, he collected from the 
literature accounts of 12 other cases, practically all of which were characterized by a 
time interval of 7 days, or a multiple of 7 days, in the reappearance of the symptoms. 
Of the 18 patients, 15 were males, one of the latter suffering from a swelling of the 
breast every 28 to 56 days. Reimann’s conclusion is that most of the symptoms 
“recur independently of any known natural rhythmic fluctuation and probably 
signify some obscure intrinsic cycle in both sexes.” 

Hersey (115, 116) kept a record of day-to-day variations in moods and emotions 
of male factory workers and found them to undergo a wave-like oscillation every 4 
to 6 weeks. The periods were shorter for younger than for older workers. Average 
values in weeks for the following categories were: extroverts—s5.52; introverts—4.38; 
intelligent—5.45; dull—4.67; aggressive—5.43; submissive—s5.24; married (mean age 
of 32)—5.21; single (mean age of 26)—4.52. Older, extrovert, intelligent, aggressive 
and married workers thus showed longer mood cycles than their opposites. Women, 
according to Hersey’s observations, may be affected by both the menstrual cycle and 
the sort of cycle seen in the male, the two at times criss-crossing. 

A spontaneous activity cycle of from two to six months was observed in albino 
rats by Slonaker (117). It is common to both sexes and extends into old age. Lack 
of synchronization among several animals shows that it is not a periodicity associated 
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with changes in temperature, pressure or humidity of the air. During its life-time, 
the albino rat has at least three waves of activity of 200 or more days, and on these 
are superimposed shorter fluctuations which vary in number and duration in different 
animals. 

Seasonal or animal periodicities may be related to variations in light, temperature 
and humidity. A particular set of meteorological changes will have different effects, 
however, even on closely related forms. Beginning in October, hibernating frogs 
(Rana pipiens and Rana catesbeiana), according to Holzapfel (118), show a gain in 
weight, a darker color of skin, an increase in muscle tonus, but a drop in blood volume, 
erythrocyte count and hemoglobin. From March on, these changes are reversed. 
True dormancy can be obtained in winter only. Non-hibernating frogs (Acris) do 
not respond to seasonal environmental changes. Seasonal variations in hibernating 
frogs also occr when temperature, humidity and food supply remain unchanged, 
which leads the author to conclude that ‘‘hibernation appears to be one phase of the 
seasonal cycle which is an intrinsic function of the animal itself.””, Among mammals, 
the hedgehog exhibits a seasonal variation in the ease with which a fall in air temper- 
ature will induce it to hibernate. 

In man, an annual periodicity in heart rate, as determined nightly on himself 
for five years, was reported by Coste (119), with a low early in the summer and a 
high in the first months of the winter. Grollman (120), on the other hand, could 
detect no seasonal differences in either heart rate or output, under basal conditions. 
Our data (67) reveal a distinct annual periodicity in the mean daily heart rate, the 
maximum occurring in the summer. Basal values, however, do not vary seasonally, 
which is in agreement with Grollman’s figures. Coste’s results can easily be explained 
by his arbitrary rejection of all pulse counts of over 79 per minute. In the summer 
such counts are more frequent than in the winter, and leaving them out resulted in 
an inversion of the annual heart rate curve. 

Pulse variations represent a coupled periodicity, as they depend directly on body 
temperature, which shows the same kind of seasonal fluctuations (67). During the 
heating season, body temperature varies independently from external air temper- 
ature, as one lives in an ‘artificial’ climate, in which the day-time air temperature 
is always about 70° F. In the summer, on the contrary, the inside and outside air 
temperatures are nearly the same, and then it is easy to demonstrate a direct relation- 
ship between the mean daily figures for the air temperature, on the one hand, and 
body temperature, as well as heart rate, on the other. In one subject, for example, 
when the daily mean air temperature fluctuated between 60 and 64° F., the mean 
daily body temperatures averaged 97.98° F. and the pulse, 79.4 beats per minute 
(67). When the air temperatures were between 85 and 89°, the corresponding body 
temperatures rose to an average of 98.32° and the heart rates, to 86.3. Thus, an 
increase of about 25° in external temperature occasioned, in this subject, a rise in 
body temperature of 0.34°, and in heart rate, of 6.9 beats per minute, or about 20 
beats variation per degree F. increase in body temperature. 

Basal metabolic rate, like body temperature and pulse, shows no marked seasonal 
variation, just because it is basal. However, Gustafson and Benedict (121) reported 
a tendency to a low level in the winter and a higher one during spring and summer in 
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20 young women, tested from October to June. Hitchcock and Wardwell (102), 
also in 20 women, found low basal metabolic rates in the winter and spring and high 
ones in summer and autumn. 

A seasonal variation (September to March) in blood lactate in the dog was noted 
by Swan (76). There was no direct relation with the mean temperature of the month, 
but rather with the temperature mean deviation, i.e., the dispersion of the daily tem- 
peratures from the monthly mean temperature. During November this dispersion 
was greatest, and the blood lactate figures, highest. Petersen (10) found the pr 
levels of venous blood of man to be lowest (7.37) in the middle of April, highest (7.46- 
7.47) in summer and autumn. Renbourn’s data on blood hemoglobin, hematocrit, 
plasma protein, erythrocyte sedimentation rate, and blood chloride (81) showed a 
significant seasonal variation in most individuals, higher values prevailing during the 
hot season. Certain sleep characteristics manifest a definite seasonal periodicity (7). 
Both body temperature and motility are higher in the summer and autumn than in 
the winter and spring. That environmental conditions are largely responsible was 
shown by recording for three years the night-to-night motility of two sisters, six and 
four years old respectively, at the beginning of the period of observation. Although 
one of the girls was consistently more quiet than the other, there was a parallelism 
between their annual motility curves not only from season to season, but from year 
to year (the second year values lower, and the third year higher, than the first). 

Recollection of having dreamed during the night also changes with the season 
of the year, being highest in the spring and lowest in the autumn, or varying in the 
opposite sense from motility. It is easier to fall asleep during one season than 
another, but in this case the annual curve is bimodal, with spring and autumn more 
favorable than summer and winter. The number of hours slept per night and the 
feeling of being well rested on getting up in the morning do not fluctuate significantly 
during the year. 

There is a seasonal variation in the rate of growth, as determined by repeate by 
measuring the same individuals. Hitchings and Fitz (122) weighed 20 boys once a 
week and measured their height every three months. Over go per cent of the total 
increase in weight for the year occurred from June to December. Weight fluctua- 
tions were greatest during the period of minimum growth. In 17 out of the 20 boys 
the increase in height was either uniform throughout the year, or varied with the 
increase in weight. 

Data from Vital Statistics and Meteorological and Astronomical Tables. The 
detection of tidal and diurnal periodicities by examination of statistical data has al- 
ready been mentioned (10, 19, 88). Weekly, lunar, annual, and sun-spot variations 
have also been detected by this method. 

Studying the weather tables for Chicago, between June 19 and July 31, 1940, 
Petersen (10) found a precipitation crest on Fridays, highest air temperatures on 
Sundays, and lowest on Thursdays. The weekly px crests in the triplets under his 
observation during that period, it will be recalled, occurred on Sundays. Further 
correspondence between a weekly weather periodicity and biological phenomena was 
obtained by Petersen in a ‘striking 7-day rhythm’ of the vital index, or the ratio of 
conceptions to deaths. In scarlet fever statistics for 1934-35 he discerned a weekly 














22 NATHANIEL KLEITMAN Volume 29 


periodicity in the appearance of the rash, with peaks on Fridays. He sums up his 
findings thus: ‘““The Vital Index is related to weather. The onset of the scarlet rash 
is related to weather. The Vital Index reveals a weekly rhythm; the scarlet rash 
reveals a weekly rhythm; the weather reveals a weekly rhythm.” 

Many weekly periodicities, according to Petersen, are really reflections of lunar 
variations. When he arranged the statistical data on scarlet fever on a lunar axis, 
or as 14 days before and 14 days after the full moon, he found that scarlet fever trends 
were significantly related to blood pu, the coefficients of correlation between the two 
being —.510 for 1934, and —.477 for 1935. Also, on the basis of the lunar axis, the 
correlation coefficient between blood px and vital index was —.891. Epileptic at- 
tacks likewise show a lunar periodicity. With respect to deaths there is a selective 
sex difference, male deaths being numerous, and female deaths few, during full moon. 
Deaths from cardio-vascular diseases and from tuberculosis occur in greater numbers 
after full moon than before. Deaths by suicide (Chicago statistics for 1930, 1936, 
and 1937) show a minimum at full moon, but “more slender types apparently commit 
suicide at the period of the new and the full moon.” 

Fanciful notions of near-lunar biological rhythms have been advanced by Fliess 
(123), Tuercke (124) and others, and are mentioned here to warn the reader against 
wasting his time on their books. Fliess maintained that men have a 23-day rhythm 
of body functions, and women a 28-day one. Tuercke, while accepting Fliess’s classi- 
fication of rhythms for bodily functions, postulated the existence of a 33-day rhythm 
for intellectual activities. The publishing house of Biori/mo in Zuerich has put out a 
list of publications by Fliess, Tuercke and several other writers, all of them dealing 
with the mystery and significance of rhythms in human life. Sarkissiantz (125) and 
Aebly (126) demolished these claims by showing up the flimsy, unscientific grounds 
on which they were based. Even Riebold (111), whose own ‘physiological week’ 
thesis is a statistical tour de force, rejects Fliess’s 23- and 28-day rhythms. 

Annual orseasonal periodicities, with highs in late winterand spring, for puerperal 
sepsis and scarlet fever have been gleaned from statistical data by Petersen (10). He 
relates the maximal incidence of scarlet fever to a seasonal decline in the px of the 
blood. Likewise, the birth figures for Chicago and New York lead Petersen to con- 
clude that more males are conceived in the early part of the year, more females, 
in “‘the relatively stable alkalotic summer and autumn.” Conceptions and deaths 
of geniuses have their maxima in April and in April-May, respectively. 

Huntington has published several books on the influence of climatic changes on 
man. In “Season of Birth’ (127) he discussed the seasonal periodicity of reproduction 
in man, “‘an inheritance from a very ancient time, when relatively few children survived 
unless they were born at the best season.” In the determination of the best season, 
temperature is the dominant factor, although other climatic conditions may play a 
subsidiary part. According to Huntington, there are two climatic optima: for 
physical activity, an average daily temperature of 60 to 65° F., and for mental vigor, 
39 to 54° F. His main conclusions are: 


That the conditions governing season of birth among our primitive ancestry apparently explain 
the mental as well as the physical optimum of temperature. Our bodies apparently function best at 
the temperature which prevailed in primitive times at the mating season, for children conceived at 
that season were best able to survive. This gives us a physical optimum. Our minds function best 
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at the temperature which prevailed in primitive times at the normal season of birth. At that time, 
more than any other, the survival of the new generation depended upon the alertness of the parents. 
Thus a mental optimum became established at a temperature lower than the physical optimum. 


On the statistical side, Huntington quoted data to prove that eminent people 
tend to be born in great numbers in January, February, and March, but are ‘“‘con- 
ceived in maximum numbers at a temperature some 6 to 8° F. lower than that at 
which the maximum number of conceptions takes place among people in general.” 
Why that is so Huntington did not know. 

Fitt (128) reviewed data from 38 studies on 8 to 15,000 children in 12 countries, 
on the seasonal variations inweight gain. Most of themshow autumn maxima. Fitt’s 
own findings on 355 boys and girls, 7 to 15 years of age, gave an autumn-winter 
maximum, though not as preponderant as that of Hitchings and Fitz (122). An 
analysis of data for height increases, mostly from the same studies, revealed a maxi- 
mum in spring and summer, or the opposite type of seasonal curve from that for in- 
creases in weight. 

Fitt plotted figures for seasonal fluctuations in muscular capacity, mental ability 
(memory, cancellation, scholastic achievement), children’s illness, juvenile delin- 
quency, mortality, suicide and insanity rates, physical and mental] characteristics, 
as related to month of conception, and concluded that the year might be divided into 
two parts. Autumn and winter are a period of minor stress, of relative ease, when 
the organism holds its own, and work is not hard, while spring and summer comprise 
a period of major stress, when the quality of performance suffers and there is a greater 
tendency to breakdown. 

The sun-spot activity, which has a period of 113 years, has been linked by 
Petersen (10), either directly or through its effects on temperature and weather con- 
ditions, with a variety of biological fluctuations. Among these are the sex ratio of 
the newborn in Sweden, the tendency to slenderness among the newborn, the birth 
rate of twins and geniuses, and the incidence of several infectious diseases (cholera, 
puerperal sepsis, erysipelas, meningitis, small-pox, measles, lobar pneumonia). The 
fluctuations in resistance to some infections may be related to the px of the blood, 
which, according to Petersen, shows not only a weekly, lunar, and annual, but also 
a sun-spot periodicity. This first demonstration of the existence of a long-range 
biochemical tide ‘‘brings us closer to the problem of the why and how of changing 
human (and general biologic) reactions, that are in some fashion related to the sun-spot 
cycle—changing physical and mental resistance—changing trends in evolutionary 
and revolutionary forces.’’ Petersen goes as far back as Egyptian chronology to 
bring out the occurrence of significant social events in tune with solar timing. Among 
recent events, he points to the Russian revolutions of 1905 and 1917 as coinciding 
with crests of sun-spot activity. The Fascist and Nazi revolutions of 1922 and 1933, 
respectively, took place in periods of minimum sun-spot activity. Petersen does 
not mention them, but one should surmise that sun-spots affect the Latin and Teu- 
tonic temperaments in the opposite sense than they do the Slavic. 


PHYSIOLOGICAL MECHANISMS 


The difficulty in correlating the various views and opinions on how periodic 
biological phenomena are established and maintained lies in the confusion of terms 
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used. It is hoped that the classification proposed in the beginning of this review 
will clarify, rather than muddle, the situation. If adopted only for the purposes of 
discussion, it will be seen that periodicities, as time-associated physiological changes, 
need no particular mechanism, since they are directly related to changes in the ex- 
ternal environment or, when coupled with another physiological variable, in the 
internal environment. Thus, the heart rate of the frog may show a diurnal periodic- 
ity with the variations in the external temperature, and the heart rate of man will 
fluctuate diurnally because of variations in body temperature. Cycles have different 
mechanisms, from the pacemaker of the heart discharging intermittently through 
the operation of a refractory period, to the chain of events in the female sex cycle, 
brought about by the interaction of endocrine systems. Cycles, while essentially 
inherent, can be modified by internal (nervous, endocrine) and external influences, 
in the latter case, to use Piéron’s terminology (129) becoming synchronized with an 
external periodicity. Sleep and wakefulness are alternating phases of an innate 
rest-activity cycle, which by experience or training becomes synchronized with the 
astronomical periodicity of night and day. All riyihms are therefore synchronized 
cycles, but the reverse is not true. A synchronized cycle is not a rhythm, unless it 
persists under artificially maintained uniform environmental conditions. For 
instance, the adaptation of the sex cycle to the annual periodicity of the sun represents 
a synchronized cycle, but, as shown by Bissonnette (g5) and others, it does not 
persist when the natural external periodicity of lengthening days is modified in the 
laboratory. The synchronization of a cycle may result from either individual or 
racial experience. Park (9) holds “‘that biological rhythms have been selected by the 
rhythmic [in our terminology ‘periodic’| environment, operating upon mutations 
which have a positive adjustment value. Protoplasmic inheritance is not neces- 
sarily limited to morphological features.’ A similar stand is taken by Woodbury 
(130) who developed the ‘periodic-response’ theory of the origin of animal migrations. 
According to this theory migration “has arisen in many animal groups and at various 
points in time as a response to environmental periodicities which at first were merely 
conditioned behavior patterns but which, through mutation and natural selection, 
have become so fixed in heredity of some animals, that they recur independently 
of the environmental stimuli because of hereditary mechanisms.” As regards the 
mechanisms of the animal synchronization of the sex cycle, we have evidence (95) 
of the involvement of both the nervous system (through the eyes) and the endocrine 
system (through the hypophysis). Woodbury (130) sums it up by saying that “‘a 
combination of stable nervous system modified by fluctuating glandular secretions 
probably provides the metabolic mechanism.” 

It is hard to carry out experimental investigations with the year asa unit of time, 
and the question of the existence of annual rhythms, as distinguished by demonstrated 
coupled periodicities and synchronized cycles, will have to remain unanswered for 
the present. Using persistance as a criterion, we are therefore left with a few ex- 
amples of tidal (both 6-hour and 14-day) rhythms, and a great number of observa- 
tions on, and attempted modifications of, diurnal rhythms. In discussing the 
mechanisms involved, a distinction must be made between establishment and main- 
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tenance under natural conditions and modification and persistence under artificial 
conditions. 

Establishment and Maintenance of Diurnal Rhythms. The synchronization of a 
natural cycle with the diurnal periodicity of night and day may be a time-conditioned 
reflex, as suggested by Piéron (129), but this explanation cannot apply to the diurnal 
color rhythm of the lizard, which is not maintained after hypophysectomy (36). A 
metabolic cycle, however, could be synchronized by either nervous or endocrine 
influences, or by both in unequal proportions. Of the variations in illumination or 
in environmental temperature, naturally occurring on a 24-hour schedule, darkness- 
light is more important than cold-warmth, as shown by Kalmus (29) on Drosophila 
flies, and by Browman (50, 54, 55) on rats. Piéron (129), however, in studying the 
behavior of some beach flies, that bury themselves in the sand by day and emerge at 
night, proved that these animals had a diurnal rhythm of activity which persisted 
when they were left in complete darkness for 5 days. Keeping the flies in the labora- 
tory, under natural alternation of night and day, led to a gradual deterioration of the 
diurnal rhythm, with complete disappearance in 6 to 7 weeks. Evidently, in this 
case, it was not the darkness-light alternation, but the diurnal changes in tempera- 
ture (perhaps the desiccating action of the sun’s heat) that was the primary cause of 
the synchronization. In any case, the existence of a ‘metabolic clock’ is shown by 
the effects of varying the temperature of the environment, or other means of chang- 
ing the metabolic rate, on the diurnal rhythm. Wahl (131) in bees, and Grabens- 
berger (132-134) in ants and wasps, trained to feed on a 24-hour schedule, could 
make the animals come out at intervals longer or shorter than 24 hours, by cooling 
or warming their nests, as well as by lowering or raising their metabolic rate by 
pharmacological means. 

To take the human sleep-wakefulness cycle as an example of a fundamental 
metabolic variation of rest and activity, it is easy to follow the synchronization of 
this cycle with the 24-hour alternation of night and day in the life of a single indi- 
vidual. Practically from the day of birth (16,58), the baby is subject to ‘accul- 
turation’ with the social environment, light, warmth, noise etc., impinging on it 
during the day. All of these stimulate activity, and thus metabolism, during a 
fixed fraction of the 24-hour period. Muscular activity raises body temperature, 
which increases the activity of the nervous system, the latter in turn augmenting 
muscular activity. In the older child and the adult there are established cortico- 
muscular circuits, or ‘feed-back’ mechanisms, to use a popular term, which operate 
like a vicious circle. Both muscular activity and nervous activity (metabolism, 
body temperature, efficiency of performance, etc.), keep on rising. As the muscles 
get tired, not only from overt work, but from postural or tonic activity inherent in 
being awake, the trend is reversed. This reversal is aided by the onset of darkness, 
the lowering of the air temperature, and the abatement of noises, characteristic of 
evening in the social routine of living. When the reversed trend of activity and 
metabolism has reached a certain low (‘drowsiness level’), it becomes harder to 
remain awake. Sleep occasions a further drop in all the variables, until the diurnal 
minimum is reached, but proprioceptive impulses from the muscles, cramped by 
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prolonged maintenance of certain positions, increase from more frequently ‘turning 
over’ as the night goeson. When aided by visceral impulses (from stomach, urinary 
bladder, etc.), and environmental influences incident to the advent of morning, it 
becomes more and more difficult to remain asleep. Fundamentally, there is nothing 
about the sleep-wakefulness cycle that inherently demands a 24-hour spacing. Its 
synchronization with night and day is the easiest temporal adaptation for the organ- 
ism to make, once the cortico-muscular circuits have been put into operation phys- 
lologically. How much of an endocrine element there is in this synchronization 
is not known, but the metabolic (also temperature, circulation) rhythm can, and 
probably does, affect the secretory activity of such glands as the hypophysis, which 
may act in an auxiliary capacity in both the establishment and maintenance of the 
diurnal sleep-wakefulness rhythm. 

Reversal and modification of diurnal rhythms are brought about by artificially 
changing the astronomical or social schedule. In man the latter is more important, 
and it has been possible to establish synchronizations of sleep and wakefulness with 
21- and 28-hour schedules of living (7), but not 12- and 48-hour synchronizations 
(7, 68) as the influence of the 24-hour periodicity of night and day is too hard to 
overcome. In ants, Grabensberger (132) did succeed in developing time feeding 
habits in multiples of 24 hours, up to 5 days, as well as odd rhythms of 3, 5, 21, 22, 
26, and 27 hours. Two feedings at chosen intervals were often sufficient to estab- 
lish non-diurnal feeding rhythms, whereas in ants usually frequenting flowers one 
feeding brought on a 24-hour rhythm that persisted for g days. It will be recalled, 
however, that Johnson (38) did not succeed in establishing an artificial 16-hour 
activity rhythm in mice, nor Hemmingsen and Krarup (56) in rats. 

Persistence of a rhythm must remain unexplained for the present. Gerritzen’s 
statement (82) that it is “in accordance with a universal biological law’’ does not 
touch on the mechanism. The “relaxation oscillations” of van der Pol (135) may 
fit the pace-making properties of the refractory period, but not the much slower 
diurnal rhythmicity. We have, however, inklings that the hypophysis is involved, 
either primarily, as in the axolotl (29) and lizard (36), or secondarily, as in the rat 
(57, 75). The hypophysis can theoretically be set into rhythmic activity by di- 
urnally interrupted darkness or by interrupted light. Aside from Higginbotham’s 
experiments on toads (136), continuous light was found by all investigators to cause 
a weakening or complete abolition of the diurnal rhythmicity. Under constant 
darkness, on the contrary, rhythmical activity continued unchanged, in the case 
of Johnson’s mice (137) for a record time of 18 months. As judged by the per- 
manent night-type coloration of hypophysectomized lizards (36), light is an excita- 
tory stimulus, but it is also an inhibitory one to the rhythm itself. Light is needed 
to establish rhythmicity (29), but darkness is required for its maintenance and 
persistence. The inhibitory effect of continuous light was studied quantitatively 
by Hemmingsen and Krarup (56) and by Johnson (137). The normal activity 
period of their rats and mice respectively, commenced later each day, rats by 2 
hours, mice by 40 minutes, so that, after a number of days, the summated shift 
amounted to 24 hours. Johnson further demonstrated that mice, changed from a 
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regime of continuous light, with its daily delays, to one of continuous darkness, re- 
verted to the normal 24-hour rhythm of activity. As Johnson puts it, ‘“‘this animal 
has a substantial and durable self-winding and self-regulating physiological clock, 
the mechanism of which remains to be worked out. In continous light this clock 
continues to run, but at a slower rate. No procedure has yet been found which will 
consistently or dependably move the regulator to the ‘fast’ side.” As stated earlier, 
Kalmus (29) and Grabensberger (132-134) did succeed in moving the regulator to 
the fast side in insects, but the mechanism still ‘“‘remains to be worked out.” 

To summarize, a physiological rhythm, specifically the diurnal rhythm, is es- 
sentially a metabolic cycle synchronized with the external periodicity of day and 
night through the influence of variations in illumination, temperature and other 
environmental factors, on the nervous and endocrine systems. 


I am greatly indebted to Mr. Theodore Engelmann for assistance in assembling the material 
for this review. 
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INITIATION AND EARLY CHANGES IN THE CHARACTER 
OF THE HEART BEAT IN VERTEBRATE EMBRYOS 


BRADLEY M. PATTEN 


From the Department of Anatomy, Universily of Michigan Medical School 
ANN ARBOR, MICHIGAN 


the newer findings appearing in the current literature, and pass too lightly over 

the long series of foundational steps that preceded them and made them pos- 
sible. In assessing our present knowledge as to when and how the embryonic verte- 
brate heart begins to beat, we should, therefore, not fail to cast at least a brief glance 
backward. 


t DEALING WITH ADVANCES in science there is a natural tendency to emphasize 


The unaided eyes of early observers could make of the beating heart of a transparent living 
embryo little more than a pulsating red fleck. With the discovery of the circulation in the adult 
and the development of the microscope, the embryonic heart began to be studied with new under- 
standing. Haller (33) saw the beating heart and the moving blood in chicks as young as 45 hours of 
incubation, and was impressed by the inherent rhythmicity of the pulsations of the embryonic heart. 
Schenk (67) excised the heart of a 3-day chick embryo, kept it beating outside the body and noted 
its increased rate when he raised the temperature of the warm stage. Moreover, he cut the heart 
into fragments and noted that after a quiescent period following the operation these resumed rhyth- 
mic contractions. One of Schenk’s statements (p. 111) should be quoted verbatim: ‘‘Die Bewegun- 
gen des embryonalen Herzens in einer bestimmten Periode der Entwickelung, ist eine jener Bewe- 
gungserscheinungen die vom Einflusse des Centralnervenssystems unabhiangig ist.” 

Wernicke (1876) observed that the heart rate increased during the early stages of development, 
and began to try out the effects of different chemical solutions on the rate of its pulsation. Fano 
and Badano (23) in an exceptionally penetrating study of the embryonic chick heart crushed it at 
the atrio-ventricular sulcus and noticed that the atrium continued to beat without interruption. 
The ventricle stopped altogether for a time and when it did resume beating its rate was slower than 
the rate of the atrium. They also cut the heart in a zig-zag ribbon and noted that the beat was trans- 
mitted along this ribbon from the atrium toward the ventricle. They commented on the peristaltoid 
character of the contraction of the young tubular heart and estimated the spread of transmission of 
the wave of contraction at 6 to 8 cm. per second. In their studies, heart movements were recorded 
photographically by throwing the shadow of the heart against a narrow aperture in a camera con- 
taining moving film. They also tried the effect of various gases on the rate of cardiac pulsation not- 
ing particularly the striking effects of oxygen and carbon dioxide. 

Another unusually interesting paper of about the same period is that of Pickering (62). He 
built a special water-jacketed chamber for studying the heart action of chicks under better controlled 
temperature conditions than previous workers had employed. In addition to studying the effects 
of temperature changes he investigated the effects of drugs such as caffein, xanthine, theobromine, 
digitalis, nicotine, and hydrocyanic acid. Of special interest is his report of the reversing of the direc- 
tion of the heart beat by treatment with dilute hydrocyanic acid and, sometimes, under the influence 
of amy] nitrite or morphine. These experiments I have tried to repeat without success, but inciden- 
tal to other studies, I did see one case of spontaneous reversal of the direction of beat in a chick embryo 
of about 55 hours. Unfortunately, this embryo reverted to normal beat propagation before a micro- 
cinematographic record could be made. Bremer (8) records having seen two cases of similar spon- 
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taneous reversal of the heart beat.!| These observations lend support to the reversals reported by 
Pickering, despite the lack of success up to the present in inducing such reversals under controlled 
conditions. Perhaps the most striking of Pickering’s experiments, and one which has since been re- 
peatedly confirmed, was his production of a ventricular block by exerting pressure from a small piece 
of silk fiber across the atrio-ventricular junction. 


Thus, before the end of the nineteenth century, we find well established some 
of the most significant facts as to the general character of the embryonic heart beat. 
Its inherent rhythmicity had been remarked upon by Haller (33). The definitely 
myogenic character of the early embryonic heart beat had been clearly enunciated 
by Schenk (67). Wernicke (76) had noted the change in heart rate due to tempera- 
ture changes; Fano and Badano (23) had established the fact that there was a dif- 
ference in the inherent rate of contraction of different parts of the young tubular heart 
and that its beat was peristaltoid in character. Pickering (62) had attempted the 
first comprehensive study of the effect of drugs on the embryonic heart, and had made 
the significant observation that heart block could be caused by pressure applied at 
the region of narrowing between atrium and ventricle. 


SEQUENTIAL FORMATION OF THE PRIMARY REGIONS OF THE HEART 


Almost concurrently with the studies of Fano and Badano and of Pickering 
dealing with cardiac activity, Born (6, 7) was developing the wax-plate method of re- 
construction which was destined to add many new pieces to the growing mosaic of our 
knowledge of the embryonic heart. Earlier workers in their observations of heart 
action had taken too little account of the radical changes that were occurring in the 
structure of the heart itself as its development progressed. The plate-reconstruc- 
tion method brought an infinitely greater accuracy to our analysis of the morphogene- 
sis of the heart. Although this review is concerned primarily with the initiation of 
cardiac pulsation and the early changes in the character of the heart beat, the fact 
that the embryonic heart does not begin at all as a miniature of the adult organ makes 
it imperative that we should review its early structural changes before attempting to 
interpret its activities. For the plan of the embryonic heart, even the chambers 
present, changes with age in a manner which makes physiological observations mean- 
ingless unless they are properly correlated with the changing structure of the heart 
itself. 

Utilizing the Born wax-plate method, the structure of the embryonic mammalian 
heart has been carefully studied in a large number of forms. To mention but a few 
of the more detailed papers that deal with the critical early stages in the fusion of the 
paired cardiac primordia there is the beautiful work of Davis (18) on the human heart; 
that of Schulte (68) on the cat; Wang (75) on the ferret; Yoshinaga (79) on the guinea 
pig; Patten (57) on the pig; Girgis (24, 25) on the rabbit; Goss (27) and Burlingame 
and Long (9) on the rat. In forms below the mammalian level the fusion of the 


1 Gowanloch (’22) reported having induced reversals in the heart of teleosts “by the action of 
various chemical and physical agents during early development.” Unfortunately, these observa- 
tions seem to have been presented only in the form of an abstract without any details as to the age 
of the material or the kinds of “agents”’ employed. 
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cardiac primordia and the establishment of the early regional divisions of the heart 
have been studied in the chick by Patten (56), in the duck by Yoshida (78), in Ambly- 
stoma by Copenhaver (14) and in fishes by Senior (69) and Armstrong (2). 

There are, naturally, detailed differences in the development of even closely re- 
lated forms, but they do not particularly concern us in the present connection. One 
developmental trend that is of basic physiological importance is shared by the above 
group as a whole. Because this particular phase in the morphogenesis of the heart 
has been too often slighted in studies dealing with cardiac activity it should be reem- 
phasized here. It concerns the sequential formation of the primary regional divi- 
sions of the embryonic heart. The embryo of primitive vertebrates is endowed with 
a considerable amount of stored food material and the body must develop prone on 
this inert mass, as if it had been split open midventrally and closely applied to the 
relatively enormous spheroid constituted by the food material stored as yolk. This 
means that certain structures such as the heart which are destined to be midventral 
in location are formed from paired primordia which arise on either side of the mid- 
line while the embryonic body still lies spread out, open ventrally, on the surface of 
the yolk sphere. These paired cardiac primordia can not meet each other in the mid- 
ventral line until the embryonic body has grown sufficiently to pull away from the 
yolk mass, establish a floor under the foregut, and complete the ventral body-wall. 
This process proceeds cephalo-caudally toward the mid-body region. This manner 
of completion of the ventral part of the body in the thoracic region means that the 
paired cardiac primordia must of necessity fuse in the same cephalo-caudal sequence. 
The tubular embryonic heart, therefore, has its cono-ventricular region established 
first, its atrial region at a somewhat later time, and its sinus venosus last ofall. This 
sequential formation of the heart is summarized for the chick in figure 1. The forma- 
tion of the heart in fishes and in amphibia is similar in its sequential character. Even 
in the higher mammals, which have ceased to store yolk in any quantity, the yolk-sac 
remains as a phylogenetic imprint on their ontogeny, so their embryos develop spread 
out on an empty yolk-sac, and their hearts exhibit the same paired primordia and the 
same cephalo-caudal sequence in their formation. This origin of the heart from 
paired primordia may be dramatically emphasized by procedures interfering with 
mid-line fusion. Cuts between the as yet unfused primordia, or extirpation of a 
wedge of mid-line tissue, or even pressure exerted between the growing primordia, 
cause the development of double hearts. Such experiments have been carried out on 
chicks (32), on amphibian embryos (20, 13, 22) and on rat embryos (26). 

If one realizes that cardiac pulsations begin in an embryo before all the parts of 
the heart have been formed, the importance of the sequential nature of the fusion of 
the cardiac primordia, and of the resultant sequential formation of the several regions 
of the heart as a basis for any studies of early embryonic heart action is at once ap- 
parent. In the earliest stages of its activity the heart is essentially nothing but a 
primitive ventricle, with a conical discharging end. Later the atrial region is added 
caudal to the ventricle, and last of all the sinus venosus is formed caudal to the atrium. 
As each new region is added it brings tissue of different physiological properties into 
the complex, and the character of the heart beat shows correlated changes. 
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Fig. 1. FORMATION OF THE FUNDAMENTAL REGIONS of the chick heart by progressive fusion 
of its paired primordia. A, at the 9-somite stage, when the first contractions appear. The cono- 
ventricular part of the heart is the only region where the fusion of the paired primordia has occurred 
and their myocardial investment has been formed. B, at the 16-somite stage, when the blood first 
begins to circulate. The atrium and ventricle have been established, but the sinus venosus exists 
only as undifferentiated primordial channels, still paired and still lacking myocardial investment. 
C, at the 19-somite stage. Fusion of the paired primordia is just beginning to involve the sinus 
region. JD, at the 26-somite stage. The sinus venosus is definitely established and its investment 
with myocardium well advanced. While schematic as to manner of drawing, these figures are based 
on projection outlines of actual preparations, and such structures as the somites and the cranial 
ganglia V, VIJ-VIII, and IX-X are shown in their exact relationships to serve as landmarks in 
following the progress of fusion of the cardiac primordia. As an additional aid in following this 
fusion, arabic numerals have been placed against approximately corresponding locations. The 6 is 
located at the point of entrance of the duct of Cuvier as determined from injected specimens, and 
serves as a precise indication of the level of future sinus territory. The heavy black outlines and 
the crosshatched contours indicate the extent to which the heart is invested by differentiated myo- 
cardium. Note especially the absence of anything like an effective myocardial layer encasing the 
sinus region until a considerable time after the heart has begun to beat and the blood has been set 
in motion. 
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FIRST CONTRACTIONS IN THE MYOCARDIUM 


The recent advances in our knowledge of heart action in young embryos have 
stemmed largely from new techniques which have made observation possible for 
longer periods under better controlled conditions, and from the development of re- 
cording methods of greater accuracy. Chief among these are the applications of 
tissue-culture methods (10, 48) to the handling of Sauropsidan embryos. Such tech- 
niques have made it possible to keep the same embryo alive under reasonably good 
physiological conditions for periods sufficiently long to permit observation of the 
changes in activity which occur as the primitive tubular heart progresses toward its 
adult condition. One of the most valuable of the new recording techniques has de- 
veloped from the utilization of micromoving pictures of cardiac activity. Such 
records offer unequalled means of direct comparison of data obtained from experi- 
ments carried out on different occasions. Moreover, the possibility of controlling 
the time factor by speeding up the rate at which growth processes appear on the 
screen, and conversely, the use of the ‘slow-motion’ technique for the analysis of proc- 
esses too rapid to follow with the unaided eye, make micromoving pictures peculiarly 
valuable in the study of the embryonic heart. 

Because of the widespread use of chick embryos as a basis for both morphological 
and experimental studies it is not surprising that they were the subjects of the first 
detailed observations on the beginning of cardiac activity. Even in this much- 
studied form it was not until work with tissue-culture methods had paved the way 
that continuous observation of the same embryo for considerable periods of time 
made it possible to see the very first signs of myocardial activity. The first record 
of the actual beginning of cardiac contraction as it can be seen in living embryos kept 
under continuous observation in vilro appears to have been made by Sabin (66). In- 
cidentally to her beautifully detailed observations on the origin of the blood vessels 
of the chick, she noted the time at which the first beating of the heart commenced 
and that this first pulsation was not in the venous part of the heart, but in the ven- 
tricle. She says (p. 255): 

“The very first beats of the heart can be made out in these hanging drop speci- 
mens. They occur at the stage of 10 somites and always in the same position. The 
first twitching is along the right margin. . . . It is interesting to note that there is no 
movement whatever in the vein, the entire twitching being confined to the ventricle 
proper. . .. The beat is at first slow but rhythmical, and gradually involves the entire 
wall of the ventricle, spreading from the posterior to the anterior end.” 

These observations Sabin herself did not pursue beyond putting them thus on 
record. They were, however, repeated and confirmed by Johnstone (40, 41) in two 
striking papers which we shall have occasion to consider further in connection with 
the early changes in the location of the pace-making center. 

Olivo (52, 53) studied the chick heart intensively at the time it first exhibited 
contractile activity. Like Sabin, he reported the first contractions as involving only 
very small areas of the myocardium. In agreement with Sabin, also, he regarded 
the beating as rhythmic from the outset although its rate was at first no more than 8 
per minute. Olivo reported the first contractions as occurring in 9-somite embryos 
which agrees, well within the range of individual variability, with Sabin’s findings. 
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More difficult to reconcile is Olivo’s statement that the first contractions appeared 
on the left more frequently than on the right. 

Patten and Kramer (59, 60), having designed and constructed an apparatus 
especially adapted for work with living embryos, made microcinematographic records 
of the first heart beats as seen in chick embryos cultured in vitro. By making prep- 
arations of specimens somewhat younger than the 9 to 1o-somite stage at which 
Sabin and Olivo had noted the first pulsation, it was possible to keep embryos under 
continuous observation during the period when the beating of the heart was due to 
commence. In such preparations the first contractions of the myocardium were 
seen to occur in the tubular heart when it had reached the stage of development (9 to 
10 somites) indicated in figure 1 A. The only region of the heart which has at this 
time been established by fusion of its paired endocardial primordia and their complete 
investment by epimyocardium is the cono-ventricular portion. The atrium is repre- 
sented only by paired endothelial tubes lying either side of the anterior intestinal 
portal and these tubes have as yet acquired little more than a partial covering of the 
splanchnic mesoderm which will later become differentiated into their epimyocardial 
mantle. The sinus venosus at this stage, is represented only by the paired 
endothelial tubes, diverging toward the yolk-sac, which show neither a recognizable 
local specialization setting them apart from the omphalomesenteric veins with which 
they are continuous, nor any differentiated myocardial investment. 

In agreement with Sabin (66) and Johnstone (40, 41) the moving picture records 
‘of Patten and Kramer show the first contractions occurring along the right margin 
of the ventricle. The contractions were exceedingly small in amplitude, the earliest 
of them appeared to involve only a few cells at a time, and the impulse did not seem 
to spread by conduction. Superimposed tracings made by pulling the film, a frame 
at a time, through an enlarging apparatus, showed that these first flickers of con- 
traction were not limited to any single sharply localized area. They occurred, rather, 
in unpredictable sequence in slightly different places along the right side of the ven- 
tricular myocardium. As the preparations were watched there appeared to be a 
gradual spreading of the areas involved in the contractions, until all of the right side 
of the ventricle began to contract. Soon thereafter the entire ventricular myocar- 
dium began to contract synchronously. 

Sabin, Johnstone, and Olivo all described the first beats as being rhythmic. 
Patten and Kramer found the earliest contractions appeared intermittently. If 
observed during a period of activity the local fibrillar contractions could be seen to 
occur in rhythmic series as described by Sabin, Johnstone, and Olivo, but in observa- 
tions extending over long continuous periods there were intervals of quiescence fol- 
lowed again by another series of pulsations. This sort of intermittent rhythmicity is 
sometimes spoken of by physiologists as ‘Lucciani grouping.” Nordmann and Riither 
(51) regarded pauses in the beating of their cultures of embryonic heart muscle as 
signifying exhaustion, and it is possible that the pauses in rhythm reported by Pat- 
ten and Kramer were indicative of unfavorable culture conditions. Certainly pauses 
in rhythm, once cardiac pulsations are well established, should be so interpreted. 
These very young embryos appeared, however, to go on to regular rhythmic beating 
suggesting that the culture conditions were at least reasonably favorable. Whatever 
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interpretation future work may place on it, the phase of intermittent activity lasts 
but a brief time during which the periods of beating become progressively longer and 
the intervals of quiescence shorter, so there is rapid progress toward the establishing 
of sustained regular rhythmic pulsation. 

Armstrong (2) has carried out exceedingly interesting studies on the embryonic 
heart of the small marine teleost, Fundulus. His work shows that some of the de- 
velopmental processes in this form differ in their timing when compared with corre- 
sponding processes in the embryos of higher vertebrates. Most striking is the fact 
that in Fundulus the myocardial primordia fuse in the mid-line before endocardial 
tubes have been formed. Thus the primordial heart is at first a solid cone of myo- 
cardium without any endothelially lined lumen. When the first cardiac pulsations 
occur at the 13-somite stage (personal communication) the heart still lacks any lu- 
men. By the 16-somite stage endothelial cells have been differentiated within the 
myocardium and with their belated appearance the embryonic heart of Fundulus is 
essentially similar to the tubular heart of other young vertebrate embryos. 

It seems probable that the solid myocardial cone where pulsation first appears 
in Fundulus is homologous with the conoventricular portion of the chick heart, al- 
though Dr. Armstrong tells me that the sequential formation of the several regions of 
the cardiac tube is by no means as clear-cut a phenomenon as it is in the chick and 
other higher vertebrates. The initial slow beat in the primordial myocardial cone 
and the subsequent establishing of a more rapid peristaltoid beat sweeping from sinus 
venosus to aortic outlet is, however, quite in line with conditions seen in the embryos 
of higher vertebrates. 

The meticulous studies of Copenhaver (14, 16) on Amblysioma embryos, and 
Goss (27, 28, 30) on rat embryos, showed that in these representative species of am- 
phibians and mammals the first heart beats appeared in the ventricle, as was the case 
in the chick. As might be expected there were minor specific differences as to certain 
details. In Amblystoma the first contractions in the majority of the embryos studied 
appeared in the medial portion of the ventricular myocardium instead of first on the 
right side as in the chick. In rat embryos the first contractions appeared on the left. 
The situation as to activity on the right and left of the mid-line is particularly in- 
teresting in rat embryos because in their hearts pulsation begins before the paired 
primordia have fused with each other in the mid-line. It was some two hours follow- 
ing the first discernible contractions on the left before the right half of the ventricular 
myocardium showed any activity. For a time then each half of the heart beat in- 
dependently and, surprisingly enough, at a somewhat different rate, that on the left 
being slightly higher. Dwinnell (19) reports similar observations on the hearts of 
young rabbit embryos. Under normal circumstances this dual rhythm is a transitory 
phenomenon, persisting only for the few hours before the right and left primordia 
fuse with each other to establish a single tubular ventricle. When this occurs unified 
contraction of the entire ventricular part of the heart is established. 

Thus in all the forms as yet critically studied, the ventricle is the first part of the 
heart to show contractile activity. The first contractions are nonpropagating local 
twitchings involving only a few cells. In different species there are differences in the 
precise part of the ventricle to show the first activity but the gradual extension of the 
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activity from the first areas involved until the entire ventricular myocardium begins 
regular rhythmic contraction is essentially similar in all forms. The striking peculiar- 
ities of this early ventricular beat are its slow rate as compared with that of the heart 
in older embryos, and its lack of peristaltoid character. These first ventricular pulsa- 
tions are not adequate to set the blood in circulation. 

It is perhaps worthy of comment that the first glycogen in muscular tissue of 
chick embryos (1) becomes recognizable in cardiac muscle at about the time its con- 
traction begins. Glycogen can be identified in cardiac muscle, in keeping with its 
earlier assumption of activity, at considerably earlier stages than it can be seen in the 
developing somatic musculature. It is interesting also that M. R. Lewis (46) found 
that with special fixation involving the addition of osmic acid to a Zenker-acetic mix- 
ture, striated myofibrils could be demonstrated in chick embryos of about 10 somites. 
One should not conclude from these observations that the initiation of contraction in 
cardiac muscle is dependent on the presence of glycogen or on the formation of myo- 
fibrils. As a matter of fact in these independent observations, both the appearance 
of glycogen and the differentiation of myofibrils are reported as occurring in embryos 
about one somite older than those in which Patten and Kramer (60) noted the first 
evidence of contraction. Goss (29) made a very carefully controlled series of observa- 
tions using rat embryos which had been kept under continuous observation until the 
primordial heart started to show its first contractions. When fixed according to the 
technique of M. R. Lewis, and by other appropriate histological methods, the myo- 
cardial elements which had thus been seen to exhibit their first contractions showed 
no evidence of cross-banding or even of definite myofibrils. Szepsenwol (73) has 
made similar observations on the explanted hearts of chick embryos. Thus it appears 
that the earliest contractions occur in cells that are but little specialized morphologi- 
/ cally and which still lack the differentiated intracellular structures we are accustomed 
to think of as characteristic of cardiac muscle. It is, nevertheless, significant that by 
the time their contractile activity has developed to any degree of efficiency, cross- 
banded myofibrils can be demonstrated and glycogen becomes recognizable by the 
standard histochemical tests. 


SHIFTS IN THE LOCATION OF THE PACE-MAKING CENTER AND EARLY CHANGES IN THE 
CHARACTER OF THE EMBRYONIC HEART BEAT 


One of the most startling and significant facts about the developing embryonic 
heart is that its myocardium at different cephalo-caudal levels exhibits different in- 
herent rates of contraction. It has been repeatedly demonstrated by fragmentation 
experiments that the atrial part of the young tubular heart beats faster than the 
ventricle, and that, later when the sinus venosus is added caudal to the atrium, its 
rate of contraction is faster than that of the atrium (23, 35, 47, 50, 60, 14). Cohn 
(12) and Barry (3) have carried out similar studies in greater detail, segregating small 
fragments taken from a series of locations within each of the main cardiac regions. 
Their work clearly indicates that the gradient in contraction rate is intracameral as 
well as intercameral. The gradient in contraction rate can be demonstrated, also, by 
the less drastic experimental procedure of exerting pressure at the atrio-ventricular 
region of the cardiac tube sufficient to cause physiological disjunction of the sino- 
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atrial beat from the ventricular beat (62, 40). This cephalo-caudal gradient in in- 
herent contraction rate is the key to the establishing of a peristaltoid beat of sufficient 
efficiency to propel the blood through the heart. As might be suspected, the part of 
the cardiac tube with the highest contraction rate at any given phase of development 
sets the rate for the entire heart. This is clearly implied by the fact that in transec- 
tion experiments the sino-atrial part of the heart continues to beat at essentially the 
rate of the intact heart, whereas any fragment derived from more cephalic regions, 
when isolated, reverts to the original slower rate of contraction it exhibited before 
more rapidly pulsating tissue was added to it caudally. The same phenomenon can 
| be more strikingly demonstrated, as was done by Paff (55, 56) by cultivating the parts 
of transected chick hearts in such close proximity that a bridge of myocardial tissue 
could grow across from one piece to another. As long as a ventricular fragment re- 
mained independent it retained the slow rate it had assumed at the time the heart 
was transected. When even a slender bridge of tissue grew across connecting the 
two fragments the more rapidly beating sino-atrial region assumed dominance and 
caused the ventricle to beat at its own more rapid rate. Even more dramatic were 
the experiments of Copenhaver (15, 16) in which he grafted the sinus venosus of one 
| species of Amblystoma to the ventricular part of the heart of another species with a 
characteristically different cardiac rate. The transplanted pace-making center took 
over control of the host ventricle and drove it at the rate of the intact heart of the 
donor species. 
| Since the fastest beating part of the myocardium dominates the rhythm of the 
heart as a whole, and since each new part of the heart that is added behind the first 
formed cono-ventricular part has a higher intrinsic contraction rate than the part of 
| the heart tube already formed, it follows that there is, during development, a succes- 
sion of pace-making zones in the tubular embryonic heart. The first beats, as we 
_/ have seen, appear in the ventricle. This idioventricular pulsation is slow and non- 
peristaltic in character. As foregut closure progresses caudad and permits more of 
| the paired cardiac primordia to come together and fuse in the mid-line, myocardial 
tissue exhibiting a higher rate of contraction is added at the caudal end of the slowly 
beating ventricle. This newly added, faster beating tissue steps up the rate of the 
heart as a whole and, even more important, it establishes a peristaltoid sweep in the 
young tubular heart. Since the fastest beating tissue is at the intake end of the 
| heart the waves of contraction there initiated sweep toward the outlet end of the 
heart, setting up for the first time pulsations of a type which are efficient in propelling 
| - the blood. This beat can be characterized as atrio-ventricular. The pace-making 
zone is, at this time, the atrial myocardium which has just been added caudal to the 
previously formed ventricle. Moreover, the atrial part of the heart is not formed all 
at once, but by progressive fusion of the paired primordia. This means that at any 
given phase of development the most recently added part of the atrium is the pace- 
maker. Later, as fusion involves still more caudally located parts of the paired car- 
diac primordia the sinus venosus is added behind the atrium. The myocardium of 
the sinus has an inherent contraction rate higher than that of the atrium and so in its 
turn takes over the pace-making function for the heart as a whole. The beat can 
now be characterized as sino-atrio-ventricular. This is the final major shift in the 




















40 BRADLEY M. PATTEN Volume 29 


location of the pace-making center of the developing heart. With the formation of 
the sinus venosus caudal to the atrium the basic regional divisions of the heart are all 
established and the addition of new parts of the cardiac primordia with their pro- 
gressively higher inherent contraction rates is no longer taking place. There are still 
minor changes to occur in the concentration and arrangement of the pace-making 
areas within sinus territory, but they are by no means as radical as the early changes 
just outlined and they appear in stages of development later than those being covered 
by this review. 

Recently, attention has been directed to the functional importance of the so- 
called ‘cardiac jelly’ in the early pumping action of the heart. Davis (17) had ap- 
plied this designation to the gelatinous material which lies between the endothelial 
lining of the tubular heart and its outer epimyocardial coat, and had emphasized its 
significance in giving mechanical cohesion to the two layers of the heart. Patten, 
Kramer, and Barry (61) in microcinematographic studies of the pumping action of 
the embryonic heart have shown by superimposed tracings from their moving picture 
films the manner in which the cardiac jelly is heaped up in local mounds which by 
their apposition give valvular closure of a hitherto unsuspected type in the embryonic 
heart. Such mounds appear at two levels, at the constriction between the atrium and 
the ventricle and in the ventricular conus, at the point where the ventricle discharges 
into the truncus arteriosus. The time at which these valves close is controlled 
by the time the peristaltoid sweep of contraction reaches their level in the tubular 
heart. This means that they act in reciprocal fashion, the valve at atrio-ventricu- 
lar level closing just after the sweep of contraction through the atrium has fully 
charged the ventricle with blood, and remaining closed while blood is being forced 
out through the truncus. At the end of ventricular systole the contraction wave 
reaches the valvular pads in the conal region which are apposed, thereby checking 
regurgitation of blood from the arterial stems into the ventricle. While the conal 
valves are closed the valvular pads at the atrio-ventricular canal are open, thus per- 
mitting the ventricle to be charged for its next contraction’ cycle. It is interesting 
that this primitive type of valvular action in the tubular embryonic heart appears at 
regions where the leaf-like atrio-ventricular valves, and the cup-shaped aortic and 
pulmonary valves are destined to be moulded at much later stages of development. 
Of possible far-reaching significance, also, is the fact that the mounds when they first 
appear are shaped from noncellular cardiac jelly, with a subsequent invasion by cells 
converting the cardiac jelly into a richly cellular connective tissue of the type which 
has long been called ‘endocardial cushion tissue.’ It is this readily moulded endo- 
cardial cushion tissue which plays such an important rdle in the later development of 
the cardiac valves and septa, and there arises the intriguing question as to the pos- 
sible preliminary moulding influence of blood currents on the highly plastic cardiac 
jelly with the subsequent fixation of these configurations by the more firmly organized 
cellular tissue which later replaces it. 

It is apparent from the material already reviewed that two of the basic factors 
necessary for efficient propulsion of blood by a tubular pump have been adequately 
accounted for: (1) The pace-making portion of the heart, shifting in position at dif- 
ferent ages but always located at the intake end, starts contraction waves which 
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sweep through the tubular heart toward its outlet end thus providing an adequate 
propelling mechanism; 2) the development of valvular endocardial pads at the intake 
and outlet ends of the ventricle, by minimizing backflow, adds adequate efficiency to 
the propulsive work of the peristaltoid sweep of contraction. Barry (4) has pointed 
out that the presence of cardiac jelly between the myocardium and the endocardium 
is a requisite for a third essential factor, adequate stroke volume. According to his 
analysis there are certain definite criteria which must be met if a tubular heart is to 
expel an adequate volume of blood with each beat. The systolic diameter of the 
heart must be sufficiently reduced to practically obliterate the lumen if the contrac- 
tion wave is to be effective in forcing blood ahead of itself as it sweeps toward the 
cardiac outlet. The filling of the heart as well as the amount of blood expelled with 
each contraction obviously depends upon the diastolic diameter of the myocardial 
sleeve. Embryonic myocardium, like adult myocardium, can not shorten in systole 
more than a definite limiting proportion of its diastolic length. In embryonic chick 
hearts Barry gives this shortening as approximately 20 per cent of the diastolic length. 
It follows that the myocardial layer must be of relatively large diameter if the stroke 
volume is to be adequate. If the endocardial lining lay in immediate contact with 
the myocardial sleeve a functional dilemma would exist. Assuming the lumen were 
small enough to permit systolic closure by 20 per cent shortening of the myocardium, 
the stroke volume would be totally inadequate. On the other hand, if a situation 
were assumed such that the myocardial circumference would be sufficient to allow for 
adequate stroke volume, there would not be sufficient reduction of the lumen to pro- 
vide efficient propulsion. The conflict between these two requisites is resolved by the 
presence of the thick layer of resilient cardiac jelly. This layer transmits the force 
of contraction of the relatively large myocardial sleeve radially down against the 
small endothelially lined lumen. Thus the circumference of the contracted myo- 
cardium is relatively large, even though the lumen of the heart is squeezed shut, for 
its radius is increased by the thickness of the layer of cardiac jelly. The increase in 
the diameter of the myocardial sleeve on diastole under these circumstances will be 


proportionately large, making it possible for the heart to pump with an adequate 
stroke volume. 


ELECTRICAL RECORDINGS FROM EARLY TUBULAR STAGES OF THE EMBRYONIC HEART 


In view of the shifts in the location of its pace-making center exhibited by the 
young embryonic heart at various stages in its development it is obvious that elec- 
trocardiographic records obtained during the periods in which these changes are 
occuring would be of unusual interest, and there have been many attempts to secure 
such records. The technical problems involved, however, have been varied and 
troublesome, and until relatively recently the results have been disappointing. As is 
natural the earliest work in this field dealt with relatively old fetuses which, as might 
be expected, furnished records quite comparable to those of adults. The first to 
study the heart of really young embryos by electrocardiographic methods was Wer- 
theim-Salomonson (77). Using the chick as an experimental animal he succeeded in 
taking records from embryos as young as 60 hours. He, like other early workers in 
the field, was greatly handicapped by the lack of amplification methods such as have 
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since become available, and his records of these early stages showed only slow rises 
and falls with no clear-cut phases such as would be anticipated from what we know 
of the character of the heart action at this stage. Only when he worked with chick 
embryos as old as five to six days did his records show anything like a regular electro- 
cardiographic pattern. Cluzet and Sarvonat (11) and Spadolini and Giorgio (71) 
encountered the same difficulties, their records from young embryos showing nothing 
sufficiently consistent to warrant any attempt at interpretation. 

That electrocardiograms of adult pattern are obtainable much earlier than was 
indicated by the foregoing results was shown by Kiilbs (43), who greatly improved 
the recording technique and obtained tracings from chick embryos showing the emer- 
gence of practically all of the adult characteristics as early as the third day of incuba- 
tion. In agreement with Kiilbs’ results, Robb (65), in the abstract of her report to 
the International Physiological Congress, stated that the beginnings of P-waves and 
of the QRS-T complex were becoming recognizable between 50 and 72 hours. 

Further progress in the technique of recording was shown in the work of Lauche 
and Schmitz (45) and that of Lueg and Héfer (49). Both these papers, however, 
dealt with explanted hearts or with cultivated heart fragments. Some of suchob- 
servations, especially those of Lueg and Hofer, Katsunuma and Inada (42), and Szep- 
senwol and Odoriz (74), on isolated atrial and ventricular portions of the heart are 
exceedingly interesting, but they need to be evaluated in relation to records of the 
intact heart acting under more nearly normal conditions. 

The work of Hogg, Goss and Cole (39) contains some exceedingly interesting 
electrical records obtained from cultured ventricular fragments from the heart of 16- 
day rat embryos. Their observations that diphasic tracings could be obtained by 
placing the microelectrodes near pulsating centers that were slightly out of phase 
with each other would seem highly significant. It suggests that one possible factor 
behind the polyphasic tracings obtained from young embryonic hearts may be an 
arrangement of the cardiac muscle which sets up a characteristic pattern of areas in 
a definite sequence of contraction phases. This at least seems like a lead worth fur- 
ther investigation in opposition to the contention of Eyster, Krasno and Hettwer 
(21) that a polyphasic tracing is characteristic of heart muscle as such. 

A description of a carefully worked out technique for recording electrical changes 
in the embryonic heart was published by Pollack (63). This was followed by a paper 
in collaboration with Dionne and Schafer (64) on amplification technique, and a later 
paper by the same group giving some of the results obtained by these methods. The 
hearts studied by these workers were, however, for the most part rather too old to 
show the most interesting changes involved in the development of an electrocardio- 
gram of adult configuration. 

In a short paper on the influence of digitalis on the embryonic electrocardiogram, 
Lagen and Sampson (44) state that multiphasic curves are obtainable from chick 
embryos as early as the 36th hour of incubation. Regrettably, no illustrations of 
their records were included, so that satisfactory comparison of their interesting find- 
ings with other available data is not possible. 

Bogue (5) secured clear-cut and convincing records showing the early appearance 
of polyphasic tracings. Comparing his records with those of earlier workers, it is 
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apparent that as amplifying techniques have improved the beginnings of the charac- 
teristic waves of the adult electrocardiogram have become recognizable in progres- 
sively younger embryos. 

Taking advantage of the advances in amplification and tissue culture technique 
Hoff, Kramer, DuBois and Patten (38) obtained electrocardiographic records from a 
series of embryos in which the degree of heart development was carefully correlated 
with the tracings secured. The youngest embryo from which they secured satisfac- 
tory records was a chick of 15 somites. At this stage, which is reached on the aver- 
age with about 33 to 36 hours of incubation, the nearly straight tubular heart con- 
sists almost entirely of ventricle. The electrical record obtained from it shows none 
of the deflections characteristic of the adult electrocardiogram, but takes the form of a 
curve which first drops below, and then rises above, the isoelectric line. This con- 
figuration is consistent with the caudocephalic direction of the progress of contraction 
shown by superimposed tracings of successive frames made by Patten and Kramer 
(60) from micromoving pictures of the heart action at this stage. 

Slightly older embryos (16 to 17 somites, average incubation age 37 to 40 hours) 
yielded records in which there appears a sharp downward deflection, followed by a 
rapid return to, or above, the isoelectric line. Because of its characteristic configura- 
tion and because correlated morphological studies indicate that the embryonic heart 
at this stage is practically all ventricle, they interpreted this as representing the QRS 
complex. 

In the next three or four hours of development, fusion of the cardiac primordia 
progresses caudally, so that the atrial region becomes definitely differentiated and 
the sinus venosus begins to take shape posterior to the atrium. Records from em- 
bryos in this age range showed a downward deflection coming about two twenty- 
fifths of a second ahead of the QRS complex. This they intrepreted as an inverted 
P-wave. 

During the next day of development the ventricular loop is bent backward so 
that it comes to be in its adult position caudal to the sinoatrial part of the heart. 
With this shift in relative positions the P-wave appears above the isoelectric line. 
Thus by the fourth day of development the electrocardiogram has assumed prac- 
tically its adult configuration. 

In connection with the study of the changes in the location of the pace-making 
center, and the propagation of the contractile impulse as indicated by the electro- 
cardiographic records, the question of nervous control of heart rate naturally arises. 
The excision and transection experiments reviewed make the primary myogenic char- 
acter of the pulsation so clear that belaboring of this old issue is uncalled for. Much 
is still to be learned, however, about the way in which the nervous mechanism secon- 
darily assumes the regulation of the rate of the pulsations initiated within the myo- 
cardium. Although the general story of the development of the nerves to the heart 
is fairly well known (34, 36, 37, 72, 70); much more critical work is needed as to the 
exact stage of development at which the vagus and cervical sympathetic fibers estab- 
lish, respectively, their retarding and accelerating action on the heart rate. Such in- 
formation would be particularly valuable in the case of laboratory animals such as 
the fowl, the rat, and the rabbit, the embryos of which lend themselves so readily to 
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experimental procedures. Although work of this type is urgently needed in follow- 
ing through the story of the control of heart rate in later stages, the already available 
studies clearly indicate that nerve control has not as yet been established in any of 
the stages here considered. Furthermore, ‘conduction tissue’ is not at these ages 
histologically distinguishable from the remainder of the cardiac muscle. There is 
considerable food for thought in the fact that it is possible to trace the appearance of 
all the major features of the adult electrocardiographic pattern in embryonic hearts 
well before they have differentiated a sinoventricular conduction system such as is 
familiar in the adult heart. 

In addition to the work here covered there have been a number of studies on the 
effect of age differences and temperature changes on heart rate, on the influence of 
various chemical substances on the character of cardiac pulsation, and, more recently, 
observations on the effects of hormones or hormone-like substances. Interesting and 
important as many of these studies are, it did not seem wise to divert attention from 
the main story of how the heart is established and first starts to function effectively 
by attempting to cover such work in this review. 
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and toxic factors which may influence the onset and progression of both experi- 
mental and human diabetes. 

Recent clinical data, in which nearly three fourths of the sooo inhabitants 
of Oxford, Mass., were studied, clearly show that there is a progressive increase in 
the incidence of human diabetes with age (1). For although the incidence of diabetes 
was only o.2 to 0.3 per cent in the 15 to 34-year age group it increased to 4.0 per cent 
within the 45 to 54-year age group and to 9.7 per cent in patients over 75 years of age. 

Since diabetics are usually not born with this disease but rather develop it in 
the later decades of life, it may be presumed that metabolic and environmental 
factors influence this onset and progression. One cannot explain the origin of human 
diabetes on the basis of an hereditary defect alone, inasmuch as such defects would 
be expected to be present at birth. It may, therefore, be better to consider that the 
hereditary aspects of diabetes are inherited susceptibilities to these metabolic and 
environmental factors. 

However, before discussing the factors which may influence the onset and pro- 
gression of diabetes, it is well to consider that there are many types of diabetes 
which may have different etiological mechanisms. 


[ IS THE PURPOSE of this review to consider the various metabolic, nutritional 


EXISTENCE OF VARIOUS TYPES OF DIABETES 


Diabetes is a disease characterized by hyperglycemia and impaired glucose 
metabolism. Although the metabolic defect can usually be corrected by the adminis- 
tration of insulin, the diabetic state may be more complex than just a simple insulin 
deficiency. For, although removal of the pancreas from an experimental animal 
results in diabetes (2), it has been shown that if either the pituitary gland (3, 4) or 
the adrenal cortex (5-7) is subsequently removed, the diabetes is ameliorated. Dia- 
betes has also been produced experimentally in normal animals by the administra- 
tion of large amounts of anterior pituitary (8-10) or adrenal cortical hormone (11). 
In the case of anterior pituitary hormone injection, a permanent diabetes can be 
produced which persists even after the cessation of hormone administration (12). 
Thus, there is an antagonism between the pancreas on the one hand, and the pituitary 
or the adrenal cortex on the other. If all three of the glands are present and normal, 
or if the pancreas plus pituitary, or the pancreas plus adrenal cortex are absent, the 
metabolism simulates normality. However, an imbalance between the pancreas and 
either the pituitary or adrenal cortex results in a defective metabolism of glucose, and 
the appearance of diabetes. Figure 1 illustrates some of these endocrine inter- 
relationships. 
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A glucose molecule upon entering the liver or muscle cell is phosphorylated, and 
by the subsequent action of a large number of enzymes the resulting glucose-phos- 
phate is either stored as glycogen or metabolized. Although these enzyme reactions 
can take place in the complete absence of hormones, the hormones do exert a regula- 
tory effect. Thus, if the anterior pituitary or adrenal cortical hormone were to 
inhibit one or several of these essential enzymes, there would be an interference with 
the metabolism of glucose, which in turn could result in a hyperglycemia and a 
failure to store glycogen. If, however, insulin antagonized the inhibitory action of 
the anterior pituitary or the adrenal cortical hormone upon the enzyme system, then 
normal metabolic activity would result. This type of endocrine antagonism, which 
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had been known to occur in whole animals (3-7), has recently been reported to occur 
in vitro using an isolated hexokinase enzyme system of muscle (13, 14). Hexokinase 
is the first of a chain of enzymes involved in glucose metabolism; it is responsible for 
the initial phosphorylation of glucose and converts it to glucose-6-PO,. This phos- 
phorylation is essential for the subsequent oxidation of glucose and its storage as 
glycogen. 


From theoretical considerations one might expect to find several types of dia- 
betes in man. 


Pancreatic Diabetes 


A decreased number of the insulin-producing cells (the beta cells of the islets of 
Langerhans of the pancreas) would result in a decreased insulin output. This would 
produce an endocrine imbalance and, consequently, diabetes. A decrease in the 
number of beta cells in the pancreas could result from: r) a hereditary deficiency, 
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2) the appearance of toxic factors in the body which are capable of destroying the 
beta cells already present or 3) the degeneration and exhaustion of overworked beta 
cells because of excessive demand for insulin. These factors will be discussed in 
detail later. 

It is also possible that in spite of a normal number of beta cells, these cells might 
be unable to synthesize insulin for metabolic reasons. The amount of insulin pre- 
cursors, for example, might be a controlling factor in the ability of the beta cells to 
synthesize insulin; it has been shown that the ability of the body to synthesize pro- 
tein antibodies is impaired on a low protein diet (15). Since insulin contains 12 per 
cent cystine (16), the amount of cystine precursors in the diet (cysteine or methi- 
onine) may be of more critical importance than the amounts of other amino acids. 

In addition to producing insulin, the pancreas is known to produce a second 
factor (hormone?) which, in contrast to insulin, raises the blood sugar and increases 
the rate of liver glycogen breakdown (17, 18). Because the distribution of this 
hyperglycemic factor parallels the distribution of the islet tissue, and because its 
concentration increases in the pancreas following duct ligation but is not affected 
following alloxan destruction of the beta cells (18, 19), it has been suggested that 
this hyperglycemic factor has its origin in the alpha cells. It would be expected that 
this second pancreatic factor, because of its effect on the blood sugar level, would 
also play a réle in the etiology of diabetes. 


Pituitary Diabetes Due to Excessive Anterior Pituitary Function 


As we have seen there is an antagonism between the anterior pituitary gland and 
the pancreas, and an imbalance between the amount of insulin and the amount of 
anterior pituitary hormone results in diabetes. This imbalance can be produced not 
only by a deficient pancreas but also might be due to an excessive activity of the 
anterior pituitary where the pancreas itself may be essentially normal. In two series, 
totaling almost 1000 acromegalics studied by Borchardt (20) and by Atkinson (21), 
glycosuria was found in 40 per cent of one series and in 33 per cent of the other. This 
incidence of glycosuria, therefore, is about twenty-fold the incidence of diabetes in 
the general population. However, diabetes due to the excessive activity of the 
pituitary diabetogenic hormone could even be more common than is acromegalia, 
since the diabetogenic activity of the pituitary might be unduly stimulated without 
necessarily affecting growth. 


Adrenal Cortical Diabetes Due to Excessive Activity of the Adrenal Cortex 


A primary excessive activity of the adrenal cortex could also result in an endo- 
crine imbalance, and might cause diabetes even in the presence of a normal pancreas. 
Such an imbalance presumably occurs in man (22). Russi and Blumenthal (23) have 
reported that diabetes occurs five times as frequently in individuals having adrenal 
cortical adenomas as it does in the general autopsy group. In a dramatic human 
case of adrenal cortical tumor associated with diabetes, reported by Sprague ef al. 
(24), the diabetes completely regressed following the removal of the adrenal tumor. 
Conn et al. have recently produced a temporary diabetes in man by the injection of 
purified adrenocorticotrophic hormone (25). 
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Thyroid Diabetes 


Diabetes has been produced experimentally by the administration of thyroid 
hormone to partially pancreatectomized dogs (26). Thyroid feeding produced dia- 
betes only when enough pancreas was removed to lower the pancreatic reserve and 
yet enough pancreas was left so that the blood sugar remained normal in the absence 
of thyroid feeding. If the thyroid hormone administration was kept up long enough, 
the diabetes persisted even after stopping the hormone. Clinically, it is known that 
the incidence of diabetes in patients with hyperthyroidism is about twice as great 
as is the incidence of diabetes in the general population (27, 28). It has been ob- 
served that the symptoms of mildly diabetic patients are exacerbated following the 
onset of hyperthyroidism, and that treatment of the hyperthyroidism improves 
the diabetes (29). 


Liver or Muscle Diabetes 


Reference to figure 1 shows that a decrease in enzyme activity can result not 
only from an endocrine imbalance but also if the amount of enzymes themselves 
within the liver or muscle cells is decreased. A decrease in enzyme concentration 
would also impair the oxidation and storage of glucose. Thus, in spite of a normal 
pancreas, normal pituitary, adrenal cortex and thyroid gland, a primary defect in the 
amount of an enzyme, such as hexokinase, could result in a decreased phosphoryla- 
tion of glucose and, hence, a decreased oxidation and storage of glycogen, i.e. dia- 
betes. Enzyme deficiencies are known to occur in man, as, for example, in glycogen 
storage diseases (30), phenylketonia (31, 32) etc. In animals, certain types of toxic 
liver disease are characterized by a decreased glucose tolerance and impaired glycogen 
storage (33, 34). Inman, it has been reported that the ‘diabetic-like state’ associated 
with certain cases of biliary disease is improved upon treatment of the liver disease 
(35, 36). 


Diabetes Due to an Abnormal Insulin Sensitivity or Destruction 


Himsworth (37) has shown that human diabetics may be subdivided into insulin 
sensitive and insensitive types. The latter show relatively little change in their 
blood sugar following a reasonable insulin dose. In experimental animals it has been 
noted that the diabetes occurring during the injection of anterior pituitary (38) and 
adrenal cortical hormones (39) is of an insulin insensitive type. 

Although little is known about the excretion, destruction or inactivation of 
insulin within the body, it is evident that any factor which would increase the rate 
of removal of insulin from the body, whether it be inactivation, destruction or 
excretion, would tend to produce a diabetic-like state. It is known that insulin 
may be inactivated in vitro with glutathione or cysteine (40); whether such inactiva- 
tion also takes place within the cells of the body by the glutathione present is not 
known. Certainly much more information is needed about the fate of insulin in 
the human body. 

Unfortunately, it has not yet been possible to determine the etiological mecha- 
nism for every given case of diabetes, and we are therefore unable to determine the 
relative frequency of the various primary types of human diabetes. 
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ROLE OF THE PANCREAS IN THE ETIOLOGY OF HUMAN DIABETES 
Pathology of Diabetes vs. Beta Cell Granule Content 


Because of the fundamental studies on the pancreas by Bensley and Lane it is 
now apparent that there are several distinct types of cells in the islets of Langerhans 
of the pancreas (41). It is the beta cells in the islets which are primarily involved 
in pancreatic diabetes (42-45). When beta cells degenerate as a consequence of a 
wide variety of experimental procedures, they undergo a sequence of pathological 
changes which have many similar features in spite of being produced by different 
etiological mechanisms. These changes consist of a loss of the specific beta cell 
granulations, the appearance of vacuoles in the cytoplasm (hydropic degeneration), 
nuclear pyknosis, cytoplasmic shrinkage, and finally the complete disappearance of 
the beta cells. These reactions are usually characterized by a lack of inflammatory 
reaction in the islets. The type of reaction observed depends not only on the severity 
of the toxic factor employed but also upon the time of observation for the beta cells 
may pass through several successive stages of degeneration. ‘Thus in the case of 
alloxan diabetes, the beta cells rapidly pass through successive stages and have almost 
completely disappeared in two to three days (45-47). In the case of partial pan- 
createctomy (44) or pituitary diabetes (48, 49) the stages persist for much longer 
times and frequently various beta cells within a given pancreas show different types 
of reaction. Although some of these changes are easily observed in tissues prepared 
by standard histological methods with routine pathological stains such as hem- 
atoxylin-eosin, other changes, such as degranulation or disappearance of beta cells, 
necessitate the use of special cytological methods. It has not been fully appreciated 
that a pancreas which contains practically no beta cells, such as is the case in alloxan 
diabetic rats, examined 5 to 6 days after alloxan injection, may appear essentially 
normal when studied by the ordinary histological stains; whereas, if this same 
pancreas is studied by means of the specific granule stains, it is found to contain 
practically no beta cells (50). In alloxan diabetes in man it is similarly reported that 
routine hematoxylin-eosin stains revealed slight changes in the beta cells; whereas, 
specific granule stains revealed profound changes (51). 

It is not surprising, therefore, that the early reports on the pathology of 
the islets of Langerhans in human diabetes are confused primarily because these 
studies were made without reference to the specific cell types occurring within the 
islets. Although some investigators such as Wechselbaum (52) and Allen (44) have 
stressed the importance of hydropic degeneration in the islets of diabetics, others 
have emphasized the occurrence of hyalinization and fibrosis (53-55). Occasionally 
nuclear pyknosis has been observed (55, 56). This hyalinization or fibrosis which is 
found occasionally in non-diabetics as well may not be the cause of the diabetes, but 
rather it may be an accompaniment similar to other complications of diabetes such 
as arteriosclerosis (55) and intercapillary glomerulosclerosis (57). Although these 
lesions might secondarily contribute to beta cell degeneration, they need not always 
be present. The fact that the observed incidence of hyalinization increases with 
age and the duration of the diabetes (55) supports the thesis that it is a secondary 
complication. In view of the fact that hydropic degeneration of the beta cells 
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which is observed in some types of experimental diabetes can be controlled by treat- 
ment (42, 43, 58, 59), one would further expect that this lesion would be a less common 
pathological finding in human diabetes in the present post-insulin era. 

Of primary diagnostic importance, therefore, is the evaluation of the number 
and state of the beta cells in the pancreas of diabetics, and for this evaluation, special 
fixation and staining methods are required. Recent human studies by Gomori (60) 
and by Bell (61), using special stains for differentiating alpha and beta cells, have 
shown that a large percentage of diabetics do have significant changes in their beta 
cells. Gomori did not attempt to evaluate the absolute number of beta cells present, 
but rather estimated the ratio of beta to alpha cells. He found that the pancreatic 
islets of 4 out of 7 diabetics showed a significant decrease in this ratio. Bell, in a 
study of 30 diabetics, reported that the islets of 11 showed no beta granules, 10 showed 
only a small number of beta granules, 5 showed a moderate decrease, and only 4 of 
the 30 were normal. In contrast, all of the 50 non-diabetics studied showed a normal 
content of beta granules. Thus, 70 per cent of all diabetics studied by Bell had a 
complete absence or a marked decrease in the beta cell granule content. The fact 
that 13 per cent of the diabetics studied did not show any change in the number of 
their beta granules is probably explained by the fact that these cases of diabetes 
were due to other causative factors. For example, a primary liver diabetes or a pitu- 
itary diabetes in its early stages might not be expected to show morphological changes 
in the pancreas. 


Insulin Content of Pancreas in Human Diabetes 


The average insulin content of the pancreas of 18 diabetics was found to be only 
25 per cent of that found in the normal (62). One moderately severe diabetic who 
had been controlled with insulin for many years had a normal pancreatic insulin 
content; whereas, another patient that died in diabetic coma had a very low insulin 
content (less than 4 per cent of normal). These figures further substantiate the 
view that not all diabetes is pancreatic in origin, but they do suggest that a large 
percentage of diabetics do show a significant reduction in the insulin content of 
the pancreas. 


Insulin Requirement of Diabetic vs. Total Depancreatectomized Man 


It has been found that the insulin requirement of a total depancreatectomized 
man is less than that of many diabetics (63, 64). Brunschwig e/ al. (65) removed 
the entire pancreas in a human diabetic patient and found that the insulin require- 
ment decreased following the operation. For these reasons serious doubts have 
arisen as to the réle of the pancreas in the etiology of human diabetes (65, 66). _Inan 
analogous study by Thorngood and Zimmerman (67), the glucose excretion (without 
insulin) and the insulin requirement were carefully measured in alloxan diabetic dogs. 
The pancreas was removed and the insulin requirement and glucose output were re- 
determined. It was found that removal of the pancreas in the alloxan diabetic dog 
decreased both the glucose excretion and the insulin requirement. In light of the 
hyperglycemic factor which has recently been found in the pancreas (17-19) these 
results can be best explained (67) by the presence of an accessory hyperglycemic factor 
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(alpha cell hormone?) in the alloxan diabetic dog which is absent in the depan- 
createctomized dog. These results may also explain the discrepancy between the 
insulin requirement of many human diabetics and that of the total depancreatec- 
tomized man. They suggest the need for further evaluation of the réle of the 
pancreatic hyperglycemic factor in the etiology of human diabetes. 


FACTORS CONTROLLING DEVELOPMENT AND PROGRESSION OF DIABETES 


In view of the frequent beta cell involvement in human diabetics and because of 
the progressive increased incidence of diabetes with age, it seems likely that in many 
of the individuals who develop diabetes there is a progressive degeneration and loss 
of beta cell function. However, it must be emphasized that diabetes due to other 
causes may also occur in which the pancreas is not involved and then the beta cells 
would be entirely normal. The fundamental problem is: Why does beta cell de- 
generation take place and what are the metabolic and nutritional factors which 
influence it. 


Toxic Substances Capable of Destroying Beta Cells 


It has recently been shown by Dunn and co-workers (45) that alloxan selectively 
destroyed the beta cells of the pancreas and thereby offered a new tool for the produc- 
tion of experimental diabetes (68, 46, 47). Alloxan produces necrosis of the beta 
cells without affecting the alpha cells. In the acute stages following alloxan injec- 
tion, degranulation, nuclear pyknosis and necrosis are observed. In the chronic 
stage (weeks or months after alloxan injection) the beta cells have disappeared, and 
the islets are composed primarily of alpha cells and a few non-granular cells. In the 
late stages hydropic degeneration of the few beta cells still remaining has also been 
observed (69). It should be reemphasized that on histological examination of the 
pancreas of such a chronic alloxan diabetic rat using routine staining methods, 
the islets may appear normal (50). It has been found that the administration of 
large doses of glutathione will protect the beta cells and prevent degeneration (70, 71). 
In a recent preliminary paper by Griffiths (72a), it has been claimed that the injection 
of large doses of uric acid produced a transitory diabetes in rabbits. 

In subsequent studies (72b) it was found that a permanent diabetes was pro- 
duced when two injections of uric acid (1 gm/kg.) were given. Histological studies 
of the pancreas indicate that the beta cells of uric-diabetic rabbits showed cytolog- 
ical changes similar to those observed following alloxan injection (72b). 


Exhaustion and Degeneration of Beta Cells Due to Excessive Demand for Insulin 


When part of the pancreas is removed, the remaining pancreatic remnant is called 
upon to substitute for the whole pancreas and becomes overworked. When 8o per 
cent of the pancreas was removed from a dog or cat and diabetes did not develop, 
the remaining beta cells enlarged and showed degranulation (42, 43). By contrast, 
when more than 8o per cent of the pancreas was removed and diabetes developed, 
the beta cells showed hydropic degeneration, the cell outline became irregular and 
the nuclei became shrunken and pyknotic. The alpha cells appeared unchanged. 
The degree of beta cell change in the pancreatic remnant closely paralleled the 
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severity of diabetes in the animal and if the work of the remaining ‘beta cells was 
lessened by treatment of the diabetes, these degenerative changes in the beta cells 
could be prevented. Thus, when the beta cells were called upon to function ex- 
cessively, they first became degranulated and then they became ‘exhausted’, de- 
generated, and tended to disappear. 


Secondary Degenerative Changes in Beta Cells Which Develop as a Consequence of a 
Primary Endocrine Imbalance 


In the section on CAUSES OF DIABETES it was pointed out that primary over- 
activity of the anterior pituitary could result in a defective metabolism of glucose by 
the liver cells and thus result in hyperglycemia and glycosuria. Although initially 
the beta cells of the pancreas may be normal, repeated anterior pituitary injections 
do result in secondary degenerative changes in the beta cells (73, 74). Initially 
these changes consist of degranulation and hydropic degeneration of the beta cells. 
The alpha cells are unaffected. Later when the diabetes has become permanent 
the beta cells not only show degranulation and hydropic degeneration but many of 
them have disappeared. Thus, although the diabetes started as a primary pituitary 
diabetes, it developed into a pancreatic diabetes as well. A similar phenomenon 


has been shown to occur in thyroid diabetes (26), and may also occur in adrenal 
cortical diabetes. 


Glucose as a Factor in Causing Degeneration of Beta Cells 


Woerner has shown that large doses of glucose, injected intravenously into guinea 
pigs, produce degranulation and hydropic degeneration of the beta cells (75). In 
experimental diabetes, produced by the injection of anterior pituitary hormone, it 
has been observed that the injection of phlorhizin, which lowers the renal threshold 
causing a urinary excretion of the sugar, cured the diabetes and reversed the degenera- 
tive changes in the beta cells (59). Lukens et al. believe that the hyperglycemia per 
se, resulting from the injection of anterior pituitary hormone, is responsible for the 
progressive degeneration of the beta cells (59). More recently Dohan and Lukens 
(76) have produced permanent diabetes in partially pancreatectomized cats and even 
in one normal cat by the injection of massive doses of glucose. 


Diet and Development of Diabetes 


Interest in the relation of diet to the development of diabetes probably dates 
back to the discovery of glycosuria. Allen in 1913 (43) carefully evaluated the réle 
of diet in the partially pancreatectomized dog and found that when mildly diabetic 
dogs were fed a meat diet they put out little glucose in their urine whereas when 
fed a high bread diet they excreted large amounts of sugar. More recent studies 
have shown that the time of onset and the progression of diabetes is markedly influ- 
enced by diet. 

EFFECT OF DIET ON PROGRESSION OF DIABETES IN PARTIALLY PANCREATEC- 
TOMIZED Rat. Foglia has carefully evaluated the progression of symptoms following 
sub-total pancreatectomy in the rat (77). After the removal of 80 to g5 per cent of 
the pancreas, there is an initial period of obesity with no manifest signs of diabetes. 
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This stage is then followed by a period of manifest diabetes with alimentary hyper- 
glycemia appearing first, which is in turn followed by fasting hyperglycemia and 
glycosuria, and finally by a period of ketosis and death. The rate of progression 
through these different phases of diabetes was found to depend upon the amount of 
the pancreas removed. This progression of diabetes in sub-total pancreatecto- 
mized rats parallels in many ways the development of human diabetes; for, in man, 
diabetes is also frequently preceded by a period of obesity, which may then progress 
to a stage of alimentary hyperglycemia, and finally to manifest diabetes. 

Houssay and Martinez (78, 79) have recently studied the effect of various diets 
on the rate of development of diabetes in 95 per cent pancreatectomized rats. The 
diets contained varying amounts of wheat flour, corn flour, casein and lard, and 5 
per cent yeast, 5 per cent cod liver oil and 1 per cent salts. The percentage of the 
total calories which was consumed in the form of carbohydrate, fat and protein 
has been calculated from their data (78, 79) and is tabulated in table 1. 


TABLE 1. Drets usEpD By Houssay AND MarTINEz (78, 79) 








| CALORIES DERIVED FROM 














TYPE OF DIET : : ‘ 
Fat Carbohydrate | Protein 
| % % | % 
High fat | 63 20 17 
High carbohydrate 12 59 29 
High protein 12 37 51 
Low protein 13 68 


19 





Effect of high carbohydrate, high fat, and high protein diets. Sixteen to eighteen 
rats were placed on each of the following diets: high carbohydrate, high fat and high 
protein. The animals were carefully followed for 8 months and the incidence of 
diabetes noted. At two months, 56 per cent of the rats on the high protein diet de- 
veloped diabetes, as contrasted with 78 per cent on the high carbohydrate diet, and 
100 per cent of the rats on the high fat diet. Looking at their data in another way, 
it is noted that within 2 months all of the rats on a high fat diet developed diabetes; 
on the high carbohydrate diet all of the rats developed diabetes in 7 months; whereas, 
even after 8 months only 82 per cent of the rats on the high protein diet developed 
diabetes. 

The rats on the high fat diet gained more weight than did those on the high pro- 
tein diet; whereas, those on the high carbohydrate diet gained the least. The more 
rapid rate of development of diabetes on a high fat diet is not simply the result of 
the increased caloric intake, even though it will be shown presently that a high 
caloric intake also accelerates the rate of development of diabetes. When 95 per 
cent pancreatectomized rats were fed a fixed caloric intake, those on a high fat diet 
still developed diabetes more rapidly than did those on a high carbohydrate diet. 

When comparing the rate of development of diabetes on the high carbohydrate 
versus the high protein diet, one cannot differentiate between the effects of high carbo- 
hydrate and low protein in the diets. Since the protein percentage of the diet is 
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indirectly increased as the carbohydrate content of the diet is decreased, there are 
two simultaneous variables. Therefore, the more rapid rate of development of 
diabetes on the high carbohydrate, as compared to the high protein diet, may be 
due either to a toxic effect of the high carbohydrate diet or to the lack of a pro- 
tective factor which may be present in the high protein diet. 

Effect of amount of calories consumed. Ina second series of experiments all rats 
were fed the high carbohydrate diet, but the amount of food eaten was varied. One 
group of animals was fed three times daily and given all the food they could eat; 
a second group (the normal food intake group) was fed only once a day; whereas the 
third group of animals was also fed once a day, but was given only 80 per cent of the 
food consumed by the normal rats. Thirteen to eighteen rats were placed in each 
group. After 2 months of this dietary regime all of the overfed animals had devel- 
oped diabetes; whereas only 78 per cent of the normally fed and only 42 per cent of the 
underfed had developed diabetes. Looking at this data in another way, it is noted 
that all of the overfed rats developed diabetes within 2 months; all of the normally 
fed rats developed diabetes within 7 months; and even after 8 months only 43 per cent 
of the underfed rats had developed diabetes. It does not seem likely that the more 
rapid progression of diabetes observed in the normally fed as compared with the 
underfed rats is related solely to the increased amount of fat consumed with increasing 
amounts of the diet. Since the high carbohydrate diet contains only 5 per cent fat, 
which accounted for only 12 per cent of the calories consumed, the absolute increase 
in fat intake is very small indeed. On the other hand, when the diet contains 54 
per cent carbohydrate an increase in total dietary intake of only 20 per cent would 
cause a much larger absolute increase in carbohydrate intake. These experiments, 
therefore, suggest that it is either the increased amount of carbohydrate or protein 
consumed which results in the more rapid development of diabetes. Since it was 
previously concluded that the more rapid progression of diabetes on a high carbo- 
hydrate diet, as compared to a high protein diet, was due either to a toxic effect of the 
carbohydrate or to a protective factor present in the high protein diet, the present 
results observed with varying the amount of diet fed suggest that it is the carbo- 
hydrate in the diet which exerts an unfavorable influence on the progression of 
diabetes, since the incidence of diabetes increases despite the increasing protein in- 
take. 

Effect of single vs. multiple feedings. In a third set of experiments (78, 79) 95 
per cent pancreatectomized rats were placed on the high carbohydrate diet, and 
the same amount of diet was fed to each group. However, in one case the food was 
fed once a day; in the second, the food was divided into three equal portions and 
fed three times a day. Thirteen or fourteen animals were placed in each group and 
at the end of 3 months there was not any significant difference between the two 
groups. After 5 months, however, soper cent of the animals fed once a day developed 
diabetes as compared with 23 per cent of the animals fed the same total diet in 3 
divided daily doses. The weight and growth curves for the two groups of animals 
were nearly identical. Unfortunately, since the number of rats developing diabetes 
was small, this experiment needs to be extended to include a much larger group of 
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animals, for statistical calculations! indicate that the differences observed could 
have happened by chance one out of six times. Houssay and Martinez suggest that 
feeding the same diet once a day may have resulted in a longer and possibly greater 
hyperglycemia than was the case when the same diet was divided into three feedings, 
and they propose that this hyperglycemia may be a contributing factor to the more 


_ rapid progression of diabetes. 


EFrFect OF DIETS ON SUSCEPTIBILITY OF Rats TO ALLOXAN. Houssay and 
Martinez also studied the effect of various diets on the sensitivity of rats to alloxan 
(78). The three diets previously mentioned and a fourth—a low protein diet—were 
used (table 1). Rats were placed on the various diets for one month and then in- 
jected with alloxan intraperitoneally in doses of 160 mg/kg. They reported the 
mortality following this dose of alloxan and stated that in each case the animals 
that died had a high blood sugar. Interpretation of this study is a little more difficult 
because it combines a number of factors. For example, the previous diet may influ- 
ence the effectiveness of alloxan in destroying the beta cells of the pancreas. Once 
the beta cells are destroyed, however, the diet may also influence the severity of the 
diabetes and this may in turn hasten death. No data is given as to the percentage 
of injected animals which developed diabetes, but which did not die of it within the 
first week. In spite of these difficulties, their findings are most significant. 

The sensitivity of animals to alloxan seems to be affected by the amount of pro- 
tein in the diet. In animals on a low protein diet, (19 per cent of the calories derived 
from protein and 68 per cent from carbohydrate), 90 per cent of the rats died of dia- 
betes following the alloxan injection. On the other hand, on the high carbohydrate 
diet (29 per cent of calories from protein and 59 per cent from carbohydrate), the 
mortality rate was only 40 per cent. On the high protein diet (51 per cent of calories 
from protein and 37 per cent from carbohydrate), the mortality rate was 33 per cent. 
Comparing the high protein diet with the high carbohydrate diet, there is little 
difference in terms of the susceptibility of rats to alloxan. However, it should be 
pointed out that the high carbohydrate diet still had a large amount of protein. In 
the above three diets the only fat in the diet was that in the 5 per cent cod liver oil fed. 

Feeding rats with a high fat diet, containing either lard or ox fat (63 per cent of 
the calories derived from fat) increased the mortality due to alloxan (go-r100 per cent 
mortality), as compared with either the high carbohydrate or the high protein diet. 
On the other hand, fats such as olive oil, butter or oleomargarine fed in essentially 
the same amounts did not increase the mortality (21-40 per cent) from diabetes; 
furthermore, it appears as if coconut oil and corn oil are protective (o-13 per cent 
mortality) when compared to even the high carbohydrate and high protein diets. 
When ro per cent coconut oil was added to the high lard diet it decreased the diabetic 
mortality following alloxan (20 per cent diabetes mortality as compared to 100 per 
cent for the lard alone). Thus lard and ox fat appear to sensitize rats to the develop- 
ment of alloxan diabetes; whereas, coconut oil appears to exert a protective effect. 

Methionine was found to afford some protection against the high lard diet, for 
when the high lard diet was supplemented by 200 mg/kg. of methionine per day, the 


1 By Dr. G. F. Badger, Department of Preventive Medicine, Western Reserve University, 
Cleveland, Ohio. 
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mortality rate was only 30 per cent, as compared to the diabetic mortality of 100 
per cent on the unsupplemented high lard diet. The mortality rate due to the high 
lard diet plus methionine is about the same as that observed on the high protein diet. 
Since choline did not protect against the high lard diet, these results suggest that the 
protective effect of methionine is not due to its capacity to donate labile methyl 
groups, as choline also shares this property, but rather to the ability of methionine to 
donate its sulphur groups. The fact that sulfanilamide also does not protect against 
a high lard diet suggests that the sulphur must be in an appropriate form. This 
protection afforded by methionine is similar to the acute sulfhydryl! protection against 
alloxan diabetes first reported by Lazarow (70). 

R6.LeE oF Diet IN DEVELOPMENT OF DIABETES IN MAN. In a human study 
Himsworth (80) correlated the diabetic death rate with the amount of fat consumed 
by classes and races of individuals. He reports that the diabetic mortality rate 
bears a direct relationship to the estimated amounts of fat eaten by the various 
groups. The increased incidence of diabetes, which has occurred in the countries of 
western civilization during the last 30 years, has occurred concurrently with the 
change in dietary preference in which a progressively greater proportion of fat and a 
smaller proportion of carbohydrate have been chosen. The proportion of protein 
and the caloric value of the diet is said to have remained unaltered. The fall in 
diabetes mortality which occurred during World War I was also thought to be related 
to the reduction in the amount of fat in the diet. This reduction of diabetes mortality 
was accompanied by only a slight reduction of caloric intake in most countries except 
for Germany. The higher mortality due to diabetes in urban as compared to rural 
populations is also correlated with the smaller proportion of carbohydrate and the 
greater amounts of fat consumed by the city population. Immigrants, who go to a 
new country and gradually acquire the dietetic preference prevalent in the new land, 
show an increase in the diabetic incidence rate if the newly acquired diet also contains 
a greater proportion of fat to carbohydrate than did the diet of the native land. A 
rise of economic position is associated with a corresponding rise in the diabetic 
incidence rate, which Himsworth feels is also associated with a change in dietary 
habits in that a smaller proportion of carbohydrates and a greater amount of fat is 
taken. 

Human dietary studies are certainly much more difficult to evaluate than are 
those of animals. The more effective diagnosis of diabetes may, in part at least, 
explain the increased incidence of diabetes during the past 30 years and may even 
enter into comparisons of urban and rural populations. A change in economic status 
may also be associated with a change in total calories consumed, as well as in the 
proportions of fat and carbohydrate. It is of considerable interest, however, that in 
spite of these limitations, the observations reported by Himsworth on man are fairly 
similar to the animal experiments reported by Houssay and Martinez (78, 79) in 
which a high fat diet (lard or ox fat) increased the incidence rate of diabetes in 
partially pancreatectomized rats. However, one cannot conclude that high carbo- 
hydrate does not have an effect in man. If the toxic effect of a high fat diet on the 
development of diabetes is much more marked than is the case of the high carbohy- 
drate diet, then the effect of increasing the carbohydrate may be obscured by the 
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more pronounced effect of the concomitant decrease in the fat intake. This actually 
seems to be the case in the animal experiments. One cannot conclude, therefore, 
from the studies of Himsworth that a high carbohydrate intake does not influence the 
rate of development of diabetes in man without devising an experiment to specifically 
test this hypothesis, since as the percentage of carbohydrate fed is increased, the fat 
is consequently decreased and one cannot separate these effects. 


Other Metabolic Factors Which Influence Development of Diabetes 


Acetoacetic acid. It has been found that the daily repeated injections of 
acetoacetic acid and beta-hydroxy-butyric acid into guinea pigs increased the insulin 
content of the pancreas for the first 2 to 4 weeks and later decreased it to 50 percent 
of normal after 70 days (81). It has been claimed that the repeated injection of 
acetoacetic acid, an intermediary product in fat metabolism, produced hyperglycemia 
and abnormal glucose tolerance in rabbits (82), and that insulin itself is inactivated 
both in vitro and in vivo by acetoacetic acid (83). Although other investigators (84) 
failed to observe an abnormal glucose tolerance in rats injected with repeated doses 
of acetoacetic acid, they did observe a significant drop in blood sugar and suggested 
that acetoacetic acid may stimulate the secretion of insulins Since variation in 
species response to the injection of anterior pituitary hormone accounts for a reduced 
insulin content of the dog pancreas, and an increased insulin content in the rat pan- 
creas (85), these apparently conflicting observations on acetoacetic acid must be 
clarified since they were carried out on different species. These effects of injected 
acetoacetic acid may account for the increased fasting blood sugar levels which are 
observed when men are placed on a high fat diet (86, 87). For example, epileptic 
patients fed 260 to 580 gm. of fat and 4 gm. of carbohydrate a day showed an increase 
in the fasting blood sugar from an initial value of 135 mg/ioo cc. to a value of 357 
mg/too cc. after 7 weeks (86). 

Vitamin C deficiency. Guinea pigs placed on a scorbutic diet for 21 days 
showed a decreased glucose tolerance as compared to controls which were pair fed 
the same diet supplemented with ascorbic acid (88, 89a). Not only was the insulin 
content of the pancreas reduced (89a) but the beta cells of the pancreas showed defi- 
nite signs of degeneration (89b). 


MECHANISM OF BETA CELL DEGENERATION AND MODE OF ACTION OF DIETARY FACTORS 


Because of the progressive beta cell degeneration which follows sub-total pan- 
createctomy and anterior pituitary hormone administration the concept of ‘overwork 
exhaustion’ or ‘pancreatic strain’ has been proposed (42, 43, 59, 85). Appealing as 
these terms are, they give no insight into the mechanism of beta cell degeneration and 
this must, therefore, still be explained in more precise biochemical terms. 

Since there is ample evidence that beta cell degeneration does take place both 
in the experimental animal and in the human subject it would seem wise to consider 
beta cell degeneration from two standpoints: the peculiarities of the beta cell which 
may make them more susceptible to degeneration and toxic factors capable of destroy- 
ing them. Since the metabolism of the insulin-secreting tissue is intimately tied up 
with the susceptibility of the beta cells to degeneration, the oa of beta cell 
metabolism will be considered first. 
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Réle of Cysteine in Insulin Synthesis 


Inasmuch as insulin contains a very large percentage of cystine (16), a much 
larger one than most other proteins in the body, the availability of the precursors of 
cystine (methionine and cysteine) may be critical to insulin synthesis. Since the 
body cannot completely synthesize cysteine unless methionine is present in the 
diet (go), these amino acids must be available in adequate amounts. They must 
reach the beta cells and there, under the influence of enzymes, be incorporated into 
the cystine portion of the insulin molecule (fig. 2). Low protein diets would tend to 
accentuate deficiencies of cysteine plus methionine and might, therefore, decrease 
the ability of the beta cells to synthesize insulin, and thus contribute to the diabetic 
state. 


Role of Glutathione in Physiological State of Beta Cells 


In addition to being a constituent of protein, cysteine is a constituent of gluta- 
thione. It has been shown that many enzymes of the body contain sulfhydryl 
groups, which are essential for their activity (91-94). If these sulfhydryl groups are 
inactivated, the enzymes themselves become inactive. In many cases it can be 
shown that the enzymes may again be reactivated by the addition of glutathione. 
Therefore, it is believed that glutathione, the naturally occurring sulfhydryl tripep- 
tide, serves to protect the sulfhydryl groups of enzymes and thus maintain them in 
an active state. Although little is known about the enzymes of the beta cells or 
those involved in insulin synthesis, it is very probable that many of the enzymes in 
the beta cells (ie. succinic dehydrogenase (91), etc.), do require active sulfhydryl 
groups. The amount of glutathione present in the beta cells may, therefore, be 
expected to affect their physiological susceptibility to degeneration and their sus- 
ceptibility to toxic substances. 

In 1945 Lazarow first reported that the injection of large doses of glutathione 
immediately preceding a diabetogenic dose of alloxan completely protected rats from 
diabetes (95, 70). Although many other substances have been reported to protect 
against alloxan diabetes (95, 96, 97, 70, 98, 99, 100), glutathione is of particular 
interest because it is a natural constituent of cells. The concentration of glutathione 
in the various organs ranges from about 30 to 200 mg. of glutathione per 100 gm. of 
tissue. It is of considerable interest to note that the dose of glutathione which was 
found to completely protect rats against a diabetogenic dose of alloxan (40 mg/kg.) 
was found to be 2mm/kg. or 62 mg. of glutathione per 100 gm. of body weight which 
is within the normal physiological range. It is, therefore, evident that the gluta- 
thione which is normally present in the body can serve as a natural protective factor 
against alloxan diabetes. 


Mechanism of Alloxan Action 


Glutathione reacts with alloxan to reduce it to dialuric acid (114, 101, 102) which 
is not diabetogenic (101). The sulfhydryl group of glutathione further reacts with 
alloxan to form a new compound which has an absorption spectra maxima at 305 mu 
and this compound is presumed to be an addition product (101, 102). It is not sur- 
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prising, therefore, that when alloxan is injected into the body there is a fall in the 
glutathione content of the tissues (103-105). 

Since the blood is the initial site of reaction with alloxan, the blood glutathione 
content may fall to near zero values (104); whereas, the tissues, being secondary sites 
of reaction, may show a lesser fall (103, 105). 

Alloxan also reacts with the sulfhydryl groups of protein in a manner similar to 
its reaction with glutathione. The sulfhydryl groups are not only oxidized to the 
disulfide form (106), but they also react with alloxan and give rise to a new absorption 
spectra compound which has a maximum at 305 mu (101, 102). Since alloxan reacts 
with the sulfhydryl groups of proteins, it would be expected that sulfhydryl enzymes 
would be inactivated by alloxan and this has been found to be the case (91, 92). 
Because many of the essential enzymes of the cell require sulfhydryl groups for their 
activity it has been suggested (70) that the diabetogenic action of alloxan may be due 
to its ability to react with the essential sulfhydryl groups of enzymes and thus pro- 
duce cell death. However, if alloxan produces diabetes by inactivation of essential 
sulfhydryl enzymes, one may ask why other sulfhydryl inhibitors do not produce 
diabetes. 

Since the various known sulfhydryl inhibitors are not equally effective in their 
action on crystalline sulfhydryl enzymes, one might not expect them to be equally 
effective in producing diabetes. Thus under certain conditions crystalline yeast 
hexokinase is inhibited 15 per cent by 1 X 10~* molar iodosobenzoate, 24 per cent by 
the same concentration of iodoacetamide and 99 per cent by one tenth the concentra- 
tion of para chloro-mercury benzoate (107). 

Another factor which influences the effect of various sulfhydryl poisons is the 
local concentration of the inhibitor. In the case of arsenic and mercury these 
compounds are excreted by the intestine and the kidney (108) and the local concen- 
tration in these organs may reach a toxic level whereas the concentration in other 
parts of the body (i.e. the beta cells) may be subthreshold. Thus although an animal 
may die of gastrointestinal hemorrhage or uremia, beta cell damage would not be 
expected to take place unless the beta cells too could concentrate the drug. When, 
however, very large doses of arsenic or mercury are given to an animal, selective 
symptoms may not have time to develop and acute death ensues. Acute death also 
occurs following the administration of large doses of alloxan; in fact the symptoms 
following the administration of large doses of alloxan have been compared to those in 
acute arsenic poisoning (109). 

There are also several types of reactions that occur between inhibitors and sulf- 
hydryl groups. Some inhibitors involve an oxidation to the disulfide or to a more 
completely oxidized form; some, such as arsenic and mercury, involve the formation 
of a reversible addition product; whereas, others may involve the formation of 
irreversible combinations (110.111). Glutathione can reactivate sulfhydryl enzymes 
inactivated by oxidation to the disulfide form, and can remove arsenic and mercury 
from combinations (112); however, it cannot reduce sulfhydryl groups oxidized past 
the disulfide stage, nor can it reverse the effect of some of the alkylating agents. It 
is of particular interest to note that the inhibition of succinic dehydrogenase by 
alloxan is reported to be only partly reversed by glutathione (91) indicating that two 
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types of inactivation have taken place. It might be expected that a compound which 
inactivates sulfhydryl groups irreversibly, and this may prove to be the case with 
alloxan, would be a more effective diabetogenic agent than would a reversible in- 
hibitor. And it has been found that whereas sulfhydryl compounds protect against 
diabetes when they are given prior to the alioxan glutathione, cysteine or BAL do 
not modify the course of the diabetes when they are given five minutes after the 
alloxan (70, 99). 

The possibility also exists that alloxan may react with other groups of protein 
as well as with sulfhydryl groups. Although it has been shown that the reaction 
between alloxan and glutathione or protein must take place through the sulfhydryl 
group since oxidized glutathione does not give compound ‘305’, it it likely that 
additional linkages are also involved. For cysteine does not react with alloxan to 
form ‘305’ in spite of the fact that it has a free sulfhydryl group. It would seem 
likely, therefore, that additional amino acid groupings may also be reacting with 
alloxan (102). If alloxan reacts with other groups of protein in addition to the 
sulfhydryl groups, or if it oxidizes them further than the disulfide form, alloxan might 
produce a more effective enzyme inactivation than would be the case with other 
sulfhydryl inactivators. 

However, if beta cell death is a result of sulfhydryl enzyme inactivation, why 
then does alloxan selectively kill the beta cells, for certainly essential sulfhydryl 
enzymes are present in all cells? It is most unlikely that appreciable concentration of 
alloxan could take place in the beta cells since alloxan is so rapidly destroyed in the 
body (104, 113-115). However, alloxan in large doses kills other cells (liver and 
kidney, etc.) (68, 47, 71) in addition to beta cells, and in very large doses (560 mg/K) 
it is acutely toxic to whole animals (109). Since glutathione is a naturally occurring 
protective compound, it was suggested that a low beta cell glutathione content would 
explain the selectivity of alloxan for the beta cells (70), and, as will be discussed 
presently, there are theoretical reasons which suggest that the synthesis of insulin 
may deplete the beta cell glutathione (116). 

The analyses of the glutathione content of the pancreas give no indication as to 
the glutathione content of the beta cells since these latter cells constitute but a small 
fraction (about 3 per cent) of the total weight of the pancreas. However, it should 
be pointed out that glutathione is primarily intracellular and it does not readily 
leave the cell. All the glutathione contained in the blood is present in the red cell 
and it cannot be removed by washing blood corpuscles in saline (117a), similarly the 
glutathione contained in the liver is only slowly removed on perfusion (117b). 
Therefore, the glutathione in the various tissues of the body is not in rapid equilib- 
rium. Furthermore, when alloxan is injected into rabbits, there is an immediate 
drop in the blood glutathione to almost near zero values; however, even after 5 hours 
the blood glutathione has not yet returned to its original level (104) in spite of the 
fact that there are large amounts of glutathione in other tissues. 

The sulfhydryl theory of alloxan action has been criticized on the basis that 
following the injection of a diabetogenic dose of alloxan, although the blood gluta- 
thione had fallen to near zero levels, the pancreas still contained practically normal 
amounts of glutathione (105). It was suggested, therefore, that the glutathione of 
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the ascinar tissue would be available to reduce any disulfide groups which had been 
oxidized by alloxan (105). As has already been pointed out the interaction between 
alloxan and the sulfhydryl groups of protein consists not only of oxidation, but also 
involves the formation of a new compound with the sulfhydryl groups of protein, and 
the addition of glutathione would not necessarily be expected to reactivate the sulf- 
hydryl group (ror). Furthermore, one could not expect the glutathione of the ascinar 
cells to be readily available to the beta cells. 


Glutathione and Alloxan Diabetes 


Whatever the mechanism may be by which alloxan selectively kills beta cells, 
it is clear that the glutathione of the body will have a direct influence on the sus- 
ceptibility of animals to alloxan, and the glutathione contained in the blood and the 
beta cells will be of critical importance. For when alloxan is administered part of it 
is destroyed by the glutathione of the blood and part is destroyed by other mecha- 
nisms (114, 101, 102). That which escapes destruction reaches the beta cell through 
the pancreatic vessels and there the glutathione of the beta cells also reacts with 
alloxan. If the concentration of alloxan is critical, it will not only react with gluta- 
thione but also with the sulfhydryl groups of protein and produce cell death, pre- 
sumably by inactivation of essential enzymes. 

It has already been shown that the injection of glutathione completely protects 
rats against alloxan diabetes (95, 70). Conversely it would be expected that any 
factor which would decrease the glutathione content of the body would increase the 
susceptibility to alloxan. For example it has been found that the injection of ascorbic 
acid, which is reported to decrease the glutathione content of the blood (118), in- 
creases the susceptibility of rats to alloxan diabetes as shown by either an increased 
incidence of diabetes (119) or by the development of a more severe diabetes (70). 
Similarly the increased alloxan sensitivity observed in starved animals (97) may well 
be due to the concomitant decrease in blood glutathione which occurs during starva- 
tion (120). It has also been reported that the increased Susceptibility of starved 
rats to alloxan may be overcome by administering glucose 6 hours prior to the 
alloxan injection (97). In this connection it is of particular interest to note that the 
injection of glucose into starved rabbits is also reported to restore the blood gluta- 
thione content to normal levels in 6 hours (120). The increased alloxan susceptibility 
that has been observed in rats fed a low protein diet (78) may also be related to the 
concomitant decrease in glutathione occurring as a consequence of a low cysteine 
intake (121). Conversely the feeding of cysteine, which increased the sulfhydryl 
content of tissues, decreased the susceptibility to alloxan (122). 

In the studies by Griffiths (72) on the production of hyperglycemia and glyco- 
suria with uric acid, diabetes was produced in rabbits only when the blood gluta- 
thione level had been depleted by previously placing the animals on a cystine- 
methionine-deficient diet and feeding large amounts of ascorbic acid. If, however, 
the deficient diet was supplemented by o.2 per cent methionine, the blood glutathione 
level did not fall nor did the rabbits develop hyperglycemia following the uric 
acid injection. 

Guinea pigs have been reported to be highly resistant to alloxan (123). It has 
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recently been reported that the blood glutathione of guinea pigs is significantly higher 
(so per cent) than that of the rabbit (124), but if guinea pigs were placed on a methio- 
nine-cystine-deficient diet they did show blood sugar responses to alloxan injection 
(124). Thiouracil when fed for 10 to 30 days was found to increase the free sulfhydryl 
content of tissue and to markedly increase the resistance of the rat to a diabetogenic 
and toxic dose of alloxan (122). Similarly thyroidectomy, which is also reported to 
increase the amount of free sulfhydryl groups in tissue, is likewise reported to increase 
the resistance of rats to alloxan diabetes (122). 

It has been previously stated that feeding a high fat diet sensitizes rats to alloxan 
(78, 79). The fact that methionine but not choline will protect against the effects 
of a high fat diet suggests that it is a sulfhydryl factor which can modify the sensitiz- 
ing effect of fat. One naturally wonders therefore whether or not glutathione can 


modify the diabetogenic effect of a high fat diet in the partially pancreatectomized 
rat or in man. 


Glutathione and Other Forms of Diabetes 


Evidence is rapidly accumulating which suggests that other forms of diabetes 
may also have a glutathione factor. The injection of various anterior pituitary 
preparations has been found to lower the glutathione content of tissues (125-128). 
And recently Conn has shown that there is a direct correlation between the produc- 
tion of a transitory diabetes in man, produced by injecting a purified pituitary adreno- 
cortico-trophic hormone, and the blood glutathione level (25). In comparing the 
effect of two different pituitary adrenocortico-trophic preparations with different 
glycosuric potencies it was found that the preparation which produced the most gly- 
cosuria also produced the greatest drop in blood glutathione level (129). 

Ninety-five per cent pancreatectomized rats treated with thiouracil showed a 
decreased incidence of diabetes as compared to untreated controls. This protection 
afforded by thiouracil against the development of diabetes in the partially 
pancreatectomized rat has been correlated with the increased tissue glutathione 
which was observed following the administration of the drug (122). Similarly it has 
been found that thiouracil has some curative effect on diabetes that has already 
developed, for a certain number of mild (but not severe) pancreatic diabetic rats 
improved on thiouracil treatment and this improvement has been correlated with the 
effect of thiouracil in increasing tissue glutathione (122). 

A number of reports on the glutathione content of the blood and tissues of 
human diabetics have appeared. Although many investigators have found a decrease 
in blood glutathione in diabetes (130-134), some have stated that in the large major- 
ity of diabetic cases the blood glutathione is normal (135). It has also been reported 
that the glutathione “ tissues, and the pancreas in particular, is decreased in 
diabetes (133). However, in view of the fact that insulin administration is reported 
to increase the glutathione content of the blood and tissue (136-139), the problem of 
glutathione and human diabetes needs careful reinvestigation, using the more specific 
methods for glutathione that are now available, and taking into account the effect 
of insulin treatment on the diabetes. 
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Possible Interrelationship Between Insulin Synthesis and Beta Cell Glutathione 


As has been stated previously, the activity of a large number of enzymes depends 
upon the presence of active sulfhydryl groups. The oxidation of these sulfhydryl 
groups (SH) to the disulfide form (S-S) results in a loss of enzyme activity. By 
contrast the activity of insulin does not depend upon the presence of SH groups. 
Although insulin contains 12 per cent cystine, all of the sulfur is in the disulfide form 
(S-S) (16). (In fact the addition of cysteine to an already formed insulin molecule 
results in a reduction of the S-S groups to the SH form and produces complete inacti- 
vation of insulin (40). Reoxidation to the S-S form partially reactivates the insulin 
molecule.) Since the beta cells synthesize insulin in which all of the sulfur is in the 
S-S form, their metabolic pathways may be adjusted to favor the oxidation of SH 
groups to S-S groups, and they may, therefore, have a higher oxidation-reduction 
potential than other cells. It has been known for a long time that the islands of 
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Langerhans in the pancreas can be selectively stained with Janus Green (140). When 
this dye is perfused through an animal, the organs, such as liver and pancreas, are 
initially completely stained. With time, as the dye is reduced to its leuco form, the 
reduction is observed to take place more rapidly in the liver and the ascinar cells of 
the pancreas, whereas the islets remain stained with the oxidized form of the dye for a 
much longer time. In fact they stand out as dark blue bodies in an almost colorless 
or pink background. With time the dye in the islets also becomes reduced. These 
results, therefore, suggest that the islets do not have as great a reducing capacity as 
do other cells, and they may therefore have less reduced glutathione and other 
reduced sulfhydryl groups present than would be the case with other cells. Another 
consequence that would result from a high oxidation reduction potential in the beta 
cell would be a lessened ability to destroy by reduction certain toxic compounds such 
as alloxan, for when alloxan is reduced to dialuric acid it becomes non-diabetogenic 
(ror). 

It has further been postulated that the amount of glutathione present in the 
beta cells might also be decreased as a direct consequence of insulin synthesis (116; 
fig. 2). Assuming that 0.5 per cent of the weight of the pancreas is islet tissue, the 
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pancreas of man (average weight of 85 gm.) would contain 425 mg. ofislet. Ignoring 
the different cell types in the islet and assuming that the islet glutathione content is 
equal to that of the whole pancreas (60 mg. GSH/100 gm. tissue) (105), then the 
total glutathione content of the islet would be 0.255 mg., and the total cysteine con- 
tained in the glutathione would be 0.1 mg. Thus if all of the cysteine contained in 
the glutathione of the beta cells of man could be synthesized into insulin, only 0.835 
mg. or 19 units of insulin would be formed (1 mg. crystalline insulin = 22 U), which 
is only a fraction of the daily insulin requirement of man. Thus the synthesis of 
physiological amounts of insulin, by removing cysteine from the beta cell, may 
effectively compete with the synthesis of glutathione, or if a conversion of glutathione 
cysteine to insulin does take place then the synthesis of physiological amounts of 
insulin might reduce the glutathione content of the beta cells. It is likely that a 
localized beta cell depletion of glutathione may not be immediately corrected, for as 
previously indicated glutathione does not readily leave one cell to enter another, 
nor is it immediately resynthesized following acute depletion. Thus the glutathione 
of adjacent cells would not be immediately available to the beta cells. 

A reduction in cellular glutathione would make the enzyme systems of the beta 
cells more susceptible to natural or administered toxic substances. Thus any factor 
which increases the rate of synthesis of insulin may thereby make the beta cells 
deficient in glutathione and more susceptible to alloxan or to other sulfhydryl 
inactivators, and thus might influence the degeneration of the beta cells. As we 
have already noted ‘exhaustion’ and degeneration of the beta cells have been observed 
in the pancreatic remnant following partial pancreatectomy. Degeneration of beta 
cells has been observed following administration of 1) Jarge amounts of anterior 
pituitary hormone, 2) thyroid hormone and 3) glucose. In all of these cases there 
appears to be an excessive demand for insulin. In the case of partial pancreatectomy, 
the pancreatic remnant is called upon to substitute for the whole pancreas (42, 43). 
The injection of anterior pituitary hormone markedly decreases the insulin content 
of the pancreas (141) as was also found to be the case in the pancreatic remnant 
following partial pancreatectomy (142, 143). Since the degenerative changes in the 
beta cells parallel the changes in insulin content of the pancreas, further support is 
afforded for the theory that these changes are due to overwork and consequent exhaus- 
tion of the beta cells (43, 44, 144). It is therefore suggested that these overworked 
cells, because of their excessive insulin production, might also show a depletion of the 
beta cell glutathione, and thereby become more susceptible to toxic factors and 
undergo degeneration. 

Similarly, the feeding of a high carbohydrate diet would increase the need for 
insulin synthesis and in so doing might render the beta cells more susceptible to 
degeneration. If insulin should prove to be necessary for fat oxidation, then a high 
fat diet might also stimulate insulin synthesis and thereby influence the susceptibility 
of beta cells. 


OCCURRENCE OF TOXIC FACTORS IN THE BODY 


It may be presumed that toxic factors capable of destroying beta cells appear in 
the human body and thereby produce diabetes due to an insulin deficiency. How- 
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ever, as has been recently suggested by Conn (25), toxic factors, such as alloxan, 
might produce a functional impairment of insulin synthesis without necessarily 
producing any associated morphological change in the beta cells. What, then, are 
the toxic factors which may appear in the body? 


Alloxan and Uric Acid 


The work on the production of diabetes with alloxan has caused considerable 
speculation as to the possible existence of a toxic factor in human diabetes (45, 114, 
70). Since dialuric acid, a simple reduction product of alloxan, can be formed 
from uric acid by an enzyme present in dog liver (145, 146) and since dialuric acid 
can be readily oxidized to alloxan (114, 115) it is conceivable that abnormalities in 
uric acid metabolism in the human being might result in abnormal occurrences of 
alloxan. The production of a diabetes in rabbits following uric acid injection (72) 
is in harmony with the conversion of uric acid to alloxan in vivo. It is of interest to 
note that the injection of adrenocortico-trophic hormone, which produces a tempo- 
rary diabetes in man, also causes an increased uric acid excretion during the time of 
its injection (25). 

There is also a good possibility that alloxan may even be a normal intermediate 
in the metabolism of pyrimidines. For, on the basis of feeding experiments, a study 
of the urinary nitrogen excretory products, and by analogy to known in vitro chemical 
reactions, Cerecedo (147-149) concluded that uracil is metabolized through isobarbi- 
turic acid, isodialuric acid, oxalurea and finally urea. One would naturally expect 
that alloxan which is the next oxidation product of isodialuric would be the inter- 
mediate preceding oxalurea; Cerecedo, therefore, fed this compound but he was 
forced to conclude that alloxan did not behave as did these other intermediates (150). 
However, in light of the known instability of alloxan it is likely that very little of the 
alloxan fed ever entered the body as such, and that most of it was probably destroyed 
within the intestinal tract before absorption could take place. More recent studies on 
the metabolism of uracil and thymine by isotopes (151). have shown that these 
pyrimidines are converted to urea and ammonia in the body. However, they do not 
prove that the intermediate steps in the reactions postulated by Cerecido actually do 
occur. The possibility exists that alloxan may be a normal intermediate in pyrimi- 
dine metabolism and this problem needs careful reinvestigation using modern isotopes 
techniques. 

It is reported that if alloxan is present in normal human blood, its concentration 
is less than .o2 mg/10o0 cc. (114). However, too much significance cannot be at- 
tached to the apparent inability to find significant amounts of alloxan in the human 
body. For when a dose of 40 mg/kg. of alloxan is administerea intravenously into 
rats, no traces of it can be found in the body after a few minutes of its administration. 
Yet, if this rat should survive for six months in the diabetic state caused by this 
alloxan injection, traces of alloxan could have been found during 1/100,000 part of 
the animal’s lifetime. In view of the extremely reactive nature of alloxan, the half 
life for the spontaneous decomposition of alloxan at px 7.4 and 37°C. is slightly less 
than one minute (115); it would be most surprising, indeed, if appreciable amounts of 
alloxan were found in the human body. It is not an infrequent occurrence in bio- 
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chemistry that known highly reactive metabolic intermediates are extremely difficult 
toisolate. Thus in the case of the oxidation of the carbohydrates and fats extremely 
large amounts of a two-carbon intermediate, similar to acetate, are known to occur 
metabolically (152), yet it is extremely difficult to detect this two-carbon fragment 
in animal tissue (153) because of its extreme reactivity. However, if the metabolic 
pathway of ‘acetate’ is blocked, as is the case for example in fluoroacetate addition, 
larger amounts can be isolated (154), yet it certainly would have been fallacious on 
the basis of earlier work to conclude that a two-carbon fragment similar to acetate is 
not an intermediate in the metabolism of carbohydrate and fat. 

Alloxan has also been shown to affect the beta cells of man (51). Because of the 
early reports that large doses of alloxan produced only slight histological changes in 
the beta cells of man (155) it has been stated that man is highly resistant to alloxan. 
However, this resistance, which was observed when the alloxan was administered by 
slow intravenous drip, is due to the method of administration for it has been shown 
that the diabetogenic dose of alloxan must be increased when the time of injection is 
prolonged (156). It has now been clearly established that man is as susceptible to 
alloxan as are other species (51). The possibility, therefore, that alloxan may 
appear metabolically within the human body in amounts sufficient to affect the beta 
cells of the pancreas is one which cannot be dismissed as readily as has been done so 
frequently in the past. 


Acetoacetic Acid 


Acetoacetic acid is an intermediate in the oxidation of fat. According to modern 
concepts of fat oxidation, fatty acids are broken down by beta oxidation (157a) toa 
number of two-carbon fragments which are then either oxidized via the tricarboxylic 
acid cycle or two of them condense to form acetoacetic acid (157). The oxidation of 
the two-carbon fragments is assumed to take place by condensation with oxaloacetate 
which in turn may arise from pyruvate by CO, fixation (158). In certain washed 
liver preparations it can be shown that the oxidation of fat results in an almost quanti- 
tative accumulation of acetoacetic acid (159). However, if oxaloacetic acid is added, 
much less acetoacetic acid is formed and more of the two-carbon fragments are me- 
tabolized through the tricarboxylic cycle (160). A high fat, low carbohydrate diet 
might, therefore, because of the intermediates formed, be expected to favor the forma- 
tion of acetoacetic acid. However, it will be recalled that Houssay and Martinez 
showed that not all fats were equally effective in increasing the sensitivity of rats to 
alloxan (78, 79). For although feeding a high lard or ox-fat diet increased the sus- 
ceptibility of rats to alloxan, a high coconut oil or a corn oil diet exerted a protective 
effect. One possible explanation for the opposite effects of coconut oil vs. lard may 
lie in a slightly different metabolic pathway for these two fats. These fats differ 
in the amount of intermediate fatty acids which they contain. Thus coconut oil 
contains 19.5 per cent capric (Cyo) and .25 per cent caprylic (Cs) acids (161); butter 
contains .32 per cent capric and .49 per cent caprylic (162); whereas lard contains 
practically none of the intermediate fatty acids (163). Verkade e/ al. have shown that 
the oxidation of the intermediate fatty acids (Cs-Cy,) proceeds by omega as well as 
beta oxidation (164). Since it has been calculated that 10 per cent of the intermedi- 
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ate fatty acids (Cs and Cio) are oxidized by omega oxidation (165), it is likely that 
their final oxidation products would consist of oxaloacetate as well as of two-carbon 
fragments. Under these conditions more of the two-carbon fragments might be 
metabolized by condensation with oxalacetic acid and oxidation through the tri- 
carboxylic acid cycle, and less acetoacetic acid would be formed, than would be the 
case with the higher fats where omega oxidation does not take place to any appreci- 
able degree. This explanation might account for an increased acetoacetic acid pro- 
duction in animals fed a high lard diet as compared to those on a high coconut oil 
diet. For it has been shown that when rat liver slices are incubated with capric acid 
(Cio) they produce less acetone bodies than is the case with Cy and Cg fatty acids 
(166), and that the addition of succinate or oxaloacetate also decreased the acetone 
body production in liver slices (167). If acetoacetic acid stimulates insulin synthesis 
as has been claimed (84), or if it inactivates insulin (82, 83), then a high lard diet, but 
not a high coconut oil diet, by increasing the demand for insulin might increase the 
sensitivity of beta cells to degeneration. 

Another interesting possibility which bears investigation is that acetoacetic acid, 
or a related compound, may have direct toxic action on the enzymes in the beta 
cells and thereby have an alloxan-like action. 


Toxic Substances in Ascorbic Acid Deficiency 


The question arises as to whether or not factors may appear in scorbutic 
guinea pigs which are toxic to beta cells, for vitamin C-deficient animals have a 
diabetic glucose tolerance curve and they do show beta cell degeneration (88, 89). 
Scorbutic animals are reported to have an increased adrenalin content in the 
adrenal (88), and an impaired ability to oxidize tyrosine (168). One wonders, there- 
fore, whether or not adrenalin or metabolic intermediates or alternates in tyrosine 
metabolism, are capable of affecting the enzymes in beta cells and thereby producing 
degeneration. 


CONCLUSIONS 


When considering the etiology of human diabetes one must bear in mind that 
there is more than one cause of diabetes, and that the pancreas is not primarily in- 
volved in all cases. Of particular interest is the fact that, whereas some types of 
diabetes may be extrapancreatic at their onset (e.g. pituitary diabetes) these may 
later also have a pancreatic factor because of a secondary involvement of the beta 
cells. Since diabetics are usually not born with their disease but rather develop it 
in the course of their lifetime, it is a reasonable hypothesis to assume that toxic or 
metabolic factors may appear in man and contribute to the progressive degeneration 
which is taking place in the beta cells of the human pancreas. Much work needs yet 
to be done to elucidate the nature and action of these toxic and metabolic factors. 
Many interesting leads have been reported and these await further investigation. 

It should also be emphasized that the physiological state of the body, and the 
beta cells in particular, determines the susceptibility of the organism to diabetes. 
The peculiarities of the beta cells which may result from their specialization for insulin 
synthesis have been discussed. As was first shown in the case of alloxan diabetes, 
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the glutathione content of the body directly influences the susceptibility to alloxan. 
Evidence is rapidly accumulating which suggests that glutathione may play an impor- 
tant réle in the development of other types of diabetes as well. It may yet prove 
to be an important factor in the development and progression of human diabetes. 
Much basic work remains to be done. As has already been suggested (70) human 
diabetes may not only be due to the appearance of abnormal toxic or metabolic 
factors, but it may also be due to a defect in glutathione metabolism. As more 
information is obtained on the nature of the factors which affect the susceptibility to 
diabetes, it may be hoped that we shall someday be able to prevent the onset and 
development of human diabetes by feeding some protective substance. Who knows 


but what glutathione or some precursor of glutathione may prove to be such a pro- 
tective compound? 
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ing a suitable active extract of the islet tissue, thus laying the foundation of 


| N 1921, BANTING AND BEST aided by Collip, Scott and others, succeeded in obtain- 
modern diabetic therapy. 


From 1921, work proceeded with the object of obtaining purer specimens of insulin and of pro- 
longing its action. Banting and Best (10-12), Dudley (84) and Fisher (93, 94) obtained purer active 
extracts of the pancreas, while Abel (1) prepared the first crystalline specimen. 

Although the discovery of insulin and its preparation in a form suitable for administration were 
of immeasurable benefit to many tens of thousands of diabetics, disadvantages were still evident. 
Injections had to be made frequently and this form of dosage was unpleasant; apart from this, the 
action of soluble insulin tended to be too dramatic. It was too quick and too short. A smoother 
blood-sugar curve was very desirable to minimize the risk of serious hypoglycemia. 

Soon after insulin was discovered, Bliss (29), Fisher (93, 94), Macleod ef al. (5) and Hedon 
(116) noted that administration of insulin was of itself insufficient to keep alive depancreatized dogs 
for an indefinite period of time. Sooner or later, these animals showed a marked depression and 
weakness, together with extreme sensitivity to insulin which led to death. On post-mortem exami- 
nation, it was found that the liver was exceedingly fatty and that this was usually the only patho- 
logical condition. If raw pancreas was included in the diet, all these symptoms were prevented or 
cured. Hershey (118) and Hershey and Soskin (119) demonstrated that the feeding of a preparation 
of lecithin prepared from egg yolk produced the same effects as raw pancreas, while Best, Hershey 
and Huntsman (21) maintained that the choline constituent of the lecithin molecule was responsible 
for its physiological activity. It was observed by Ralli, Flaum and Banta (198) that the activity of 
raw pancreas exceeded that which could be accounted for by an estimate of its lecithin or choline 
content, and in 1936, Dragstedt, Prohaska and Harms (801) prepared a very active pancreatic extract 
which contained little choline. The active principle of this extract was considered to be a hormone 
and was named ‘lipocaic’. Its hormonal nature was contested by Chaikoff and his co-workers (47-49), 
by Ralli, Flaum and Banta (198) and Ralli, Rubin and Present (199) who asserted that ligation of 
the pancreatic duct produced a fatty liver and that the oral administration of the external secretion 
of the pancreas was as effective as the feeding of raw pancreas. McHenry and Patterson (159), in 
reviewing the literature on lipotropic factors, concluded that it was doubtful whether lipocaic was 
an endocrine factor and felt that its physiological nature could be more closely compared with that 
of the pernicious anemia factors. Whether or not insulin as isolated and administered is the natural 
hormone or a precursor or derivative still remains to be solved. It is interesting to note that Wiener 
(249) has reported the existence of a new hormone, para insulin, related to guanidine and playing 
an important part in carbohydrate metabolism. 

Three main lines of investigation were followed in attempts to overcome the difficulties asso- 
ciated with insulin therapy: a) attempts to prolong the action of insulin, so that injections need be 
given less frequently; b) attempts to administer insulin, or a combination of insulin with some other 
substance, by mouth; and ¢) attempts to obtain substitutes for insulin. 


REVIEW 


a) Allempls to Prolong Action of Insulin so that Injections Need be Given Less 
Frequently. In 1923, Burgess ef al. (40) attempted, without success, to extend the 
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action of insulin by the addition of 20 per cent of acacia to a solution for injec- 
tion. Further attempts to obtain an insulin preparation of prolonged action were 
made by De Jongh and Laqueur (70), who added protein, Lange and Schoen (143), 
cholesterol and Leyton (154), who administered insulin in an oily medium; Skouge 
and Schrumpf (221), who combined insulin with lecithin; Steinitz (226), insulin 
with desoxycholic acid, Brahn (33, 34) who added insulin to pectin solution, and 
Bischoff and Maxwell (28) who added to insulin such solutions as basic ferric chloride 
or tannic acid. Combinations of insulin with tannic acid were described also by 
Chiancone (50) and Lun (157); Lun stated that the presence of sodium thiosulphate 
enhanced the effect of the tannic acid, while Jenkinson (128) described an insulin- 
tannic acid-zinc suspension with a delayed and prolonged action, but which pos- 
sessed the disadvantage of causing local dermatological reactions. 

In 1939, Cazzani and Spiga (46), and Dogliotti and Giannini (76) described a 
compound of insulin, the diethylamino-sulphosalicylate, which was stated to have a 
prolonged and intense action upon the blood sugar and to be better tolerated by 
diabetics than ordinary insulin. 

For the treatment of juvenile diabetes, a condition which may be difficult to 
control satisfactorily with soluble insulin, Feinblatt e¢ al. (gt) and Warburton (245) 
described a compound of insulin with hexamine which had a rapid yet sustained 
action. 

Such modifications of insulin or of the solution of insulin for injection as have 
been described above, and many others not mentioned, proved, in general, unsatis- 
factory. In 1935, Hagedorn combined a solution of insulin hydrochloride with the 
protamine obtained from the sperm of a species of trout, Salmo irideus, and so 
obtained protamine insulinate which, when injected in buffered solution at a pu 
of 7.3, gave a prolonged insulin reaction. 

The duration of effect of injections of preparations of crystalline insulin was 
found by Altschuler and Leiser (6) and Mains and McMullen (162) to be roughly 
twice that of solutions of insulin hydrochloride, while the discovery by Scott (213) 
that insulin crystals contained zinc and that more zinc could be added to insulin 
during crystallization to form zinc insulinate led Scott and Fisher (214) to add zinc 
to protamine insulinate, thus obtaining zinc protamine insulin, a compound which 
possessed a delayed effect, coupled with a prolonged action. Thus it was main- 
tained by Bennet (18) that zinc protamine insulin, on the non-diabetic subject, 
was not effective until 9 to 11 hours had elapsed from the time of injection, and that 
the maximum effect was not reached for 15 to 20 hours. In the diabetic, Aitken 
(2) stated that an earlier initial effect was produced (within 6 to 8 hours of the in- 
jection), while the total duration of effect might be as long as 60 hours, depending 
upon the magnitude of the dose. 

The peculiar properties of zinc protamine insulin gave rise to several disadvan- 
tages in its usage. For example, in the treatment of diabetic coma, where a rapid 
hypoglycemic action is essential, it could not replace insulin hydrochloride due to 
its insoluble nature and delayed action; it tended to possess a variable rate of ab- 
sorption, which might result in severe and protracted hypoglycemic reactions in- 
sidious in onset and liable to arise at night. 
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b) Attempts to Administer Insulin, or a Combination of Insulin, with Some Other 
Substance by Mouth. Prior to the production by Banting and Best (10-12) of an 
active insulin preparation, many attempts to obtain active extracts of the islet 
tissue of the pancreas were made. These failed, partly due to the extreme toxicity 
of the extracts and partly because they were often administered per os, a procedure 
now regarded as useless; but the great desirability of treating diabetes other than 
by injection of insulin led to many attempts being made to administer it by some 
alternative route. 

It appeared to have been amply demonstrated that insulin was inactive when 
administered orally, although Rathery et al. (200) claimed to have obtained a positive 
insulin effect when they administered it in massive doses to rabbits and dogs, while 
Wilson (250) had consistently produced a hypoglycemic coma in mice when he 
administered insulin hydrochloride by mouth, in doses go times greater than were 
necessary to produce a similar effect parenterally, and had obtained the same effects 
with insulin digests. Wilson found, in addition, that ferric salts potentiated the 
hypoglycemic effects of orally administered insulin hydrochloride and insulin di- 
gests. 

Most ‘oral insulin’ preparations were designed with the object of preventing 
the breakdown of the molecule by the digestive enzymes and then facilitating its 
absorption in the unchanged state. Samck (210) added saponins and preparations 
of bile, but was unable to demonstrate any hypoglycemic effect; his conclusions 
were confirmed later by Guiliani (110). Daggs, W. R. Murlin and J. R. Murlin 
(68) obtained a hypoglycemia of about half an hour’s duration when they gave in- 
sulin together with hexylresorcinol and sodium carbonate. The same workers (69), 
after further investigation, considered, however, that the results obtained were only 
mildly encouraging. Lasch and Schénbrunner (146, 147) administered insulin with 
added saponin to aid its absorption, Trypan Red to inhibit gastric digestion and 
Malachite Green to prevent tryptic digestion. When insulin was administered in 
this way, it was noted that its activity, unit for unit, was less than when it was ad- 
ministered parenterally, but it was nonetheless considered useful in the treatment 
of diabetes mellitus. Good clinical results were obtained by Cutting and Robson 
(65) with insulin-quinine mixtures, but whether the beneficial results obtained were 
due to the unimpaired activity of the insulin or to the effect of the administration of 
quinine upon appetite appeared doubtful. 

In general, attempts to administer insulin, in some form or other, by mouth 
cannot be said to have yielded encouraging results. 

Sublingual administration of insulin was stated by Sachs (209) to be as satis- 
factory as subcutaneous; Oé (186) demonstrated an insulin effect upon the blood 
sugar with insulin inhalations. Insulin suppositories were administered with varying 
effect by Brahn and Langer (35), Wuhrmann (255) and Brahn (33, 34), and Russell, 
Busse and Uhl (207) applied standard preparations of insulin to the abdominal 
skin of rabbits, but were unable to demonstrate any hypoglycemic effect unless 
the skin had been pretreated by chloroform, petroleum ether or some other fat 
solvent; while insulin salves were used with similar results by Maier-Weinerts- 
Grun (161), Hermann and Kassowitz (117), Pibram (194), Mayor (166-169) and 
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Russell, Busse and Uhl (207). The effect of the subcutaneous implantation of 
pellets of insulin was investigated by Cutting (65, 66) and Parkes and Young (190). 
The effects of the subcutaneous administration of insulin in powder form to rabbits, 
via a cut in the skin, were observed by Carbonaro and Imbesi (44) and found to be 
similar to those obtained from subcutaneous injection. 

In all of the methods of administration mentioned above, it was found that the 
absorption of the hormone was both incomplete and uncertain, and it appears, 
therefore, that they have little practical applicability, especially since precision of 
dosage is so very important with a remedy which has such potential dangers. 

c) Attempts to Obtain Substitutes for Insulin. The hypothesis that wherever 
carbohydrates were synthesized or broken down, there must be a hormone, either 
identical with or having properties similar to insulin, led to many attempts being 
made to isolate such substances from sources other than the animal pancreas. The 
raw materials used were largely vegetable and were very varied; the products ob- 
tained were claimed to be active, sometimes only when administered parenterally, 
sometimes also by mouth. Rarely was the active principle involved identified; 
rarely were the claims put forward substantiated. 

The knowledge that bacteria, yeasts and other microorganisms contained en- 
zymes concerned with carbohydrate metabolism led to many attempts being made 
to isolate insulin-like substances from them. Shikinami (216) obtained hypo- 
glycemic extracts from cultures of the mold Aspergillus ozyzae, cultivated upon moist 
rice. Becker (16) suggested the use of cultures of Bacillus erodiens obtained from 
the intestines of dogs or doves, alone, or with the addition of a digestive enzyme in 
the treatment of diabetes mellitus. Administration was either per os or per anum. 
Little, Levine and Best (155), Winter and Smith (254) and Shikinami (216) obtained 
from cultures of Bacillus coli substances which, when injected into fasting rabbits, 
caused a marked reduction in the blood sugar level, but Rennesbaum (202) found 
that, if the lethal dose of a culture of the same bacillus was injected intravenously 
into rabbits, there was a marked hyperglycemia, followed in a few hours by death. 
Delafield (72) noted that, when a suspension of dried Bacillus aertrycke or the bac- 
terial filtrate from a culture of the same organism was injected intravenously into 
fasting rabbits, there was a hypoglycemia of about 50 mg. per cent, preceded by a 
markedly hyperglycemic stage. Death occurred during the hypoglycemia. The 
same author (71) ascribed the preliminary hyperglycemia and the subsequent toxic 
effects to bacterial polysaccharides. Insulin-like effects were ascribed to bacteria 
by other workers. Evans (89) found that extracts of Haemophilus pertussis, when 
injected into rabbits, caused a hyperglycemia followed by a profound hypoglycemia; 
Hutchinson, Winter and Smith (121, 122) obtained from samples of commercial 
yeast a microorganism which, when cultivated, yielded an extract with insulin-like 
properties. Similar hypoglycemic extracts were obtained by Levine and Kolars 
(152) and Simola (219); Simola suggested that the active principles were guanidine 
derivatives, while Menten and Kipp (170) found that, when large doses of paraty- 
phoid-B-toxin were injected into normal dogs, there was a hyperglycemia followed 
by a fatal hypoglycemia. In depancreatized dogs, the preliminary stage was absent. 
Friis-Hansen, Mortensen and Nielsen (98) obtained similar results from the injection 
of a lethal dose of diphtheria toxin into rabbits. 
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Substances said to be analogous to insulin in their action upon the blood sugar 
were obtained from yeast by Alzona and Orlandi (7), Barone (13), Bickel and Nig- 
mann (24), Binet, Fabre and Bargeton (25), Brugsch and Horsters (37), Chopra and 
Bose (51), Collin (56, 57), Collip (58-60), Fetzer (g2), Hutchinson, Winter and 
Smith (121, 122), Kaufmann (131-134), Maehara (160), Nagai (176), Simola (219), 
Shikinami (216), Von Euler (240) and Winter and Smith (251-254). The adminis- 
tration of yeast or of yeast extracts was also found to be beneficial in the treatment 
of diabetes by Beckert (17), Funk, Casimir and Schoenborn (99), Funk and Corbitt 
(100), Gaebler and Ciszewski (101) and Bufano (38). This group of authors did 
not, however, consider that it was necessary to postulate that an insulin-like sub- 
stance was present in yeast, but was of the opinion that the effects of yeast, yeast 
extracts etc. were due mainly to their content of vitamins of the B group. Thus, 
Funk, Casimir and Schoenborn and Funk and Carbitt demonstrated that pigeons 
fed upon a vitamin-free diet became hyperglycemic, but that, when vitamin B was 
administered as yeast, the blood sugar fell to its normal level. This finding was 
confirmed by Gaebler and Ciszewski, who were able to produce a similar effect by 
giving the vitamins as pure substances and who did not consider that there was any 
necessity to assume that a ‘glukokinin’ was present in yeast. 

Hutchinson, Winter and Smith (121, 122) considered that the activity of yeast 
was due not to the presence of a ‘glukokinin’ or to an insulinoid substance, but to the 
presence of microorganisms in samples of commercial yeasts which produced the 
hypoglycemic substances. As previously mentioned, Hutchinson, Winter and 
Smith described the preparation of cultures of an organism found on commercial 
yeast and demonstrated that extracts of such cultures had the power of producing 
profound hypoglycemia, accompanied by convulsions when injected into rabbits. 

Biovin (27) prepared extracts from three strains of yeasts, but was unable to 
obtain much hypoglycemic activity. From iso-electric point and solubility de- 
terminations, he was able to show that the extracts were not identical with insulin. 
Similarly, Costa (63) was not able to obtain much hypoglycemic activity from yeast, 
but found that, when glucose was administered simultaneously with yeast extract, 
the peak of the hyperglycemic curve was not reached at the normal time, but was 
delayed. Costa (64) later contradicted this finding by stating that hyperglycemia 
was caused by injection of yeast extracts. 

Mushrooms were found by Glaser and Wittner (104) to contain a substance 
which produced a lowering of the level of the blood sugar of rabbits. This factor 
was identified as the enzyme tyrosinase. Binet and Marek (26) and Beauvillain 
(15), in investigating the toxic nature of the fungus Amanita phalloides, found 
that extracts, when administered to rabbits, caused a considerable hypoglycemia 
which was associated with convulsions. 

It was perhaps natural that, in view of their high content of carbohydrate, 
some attention in the search for an insulin substitute was paid to the cereals. Collip 
(58-60) extracted from the roots and sprouted grain of barley substances which were 
claimed to produce lowering of the fasting blood sugar level of normal rabbits. This 
was confirmed by Donnard and Labbé (77), who used aqueous extracts of barley 
malt dust, and by the same authors (78) using aqueous extracts of the radicals of 
germinating barley from which were obtained both hyperglycemic and hypoglycemic 
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fractions. ‘The use of barley and the derived malt, malt extract, infusion of malt and 
diastase was recommended by De Souza and Allemand (73) as an adjunct to diabetic 
therapy. 

The use of oatmeal in the treatment of diabetes mellitus was advocated by Von 
Noorden (241-243), who, among others, obtained a general improvement in condition 
and even a cessation of glycosuria by prescribing a diet of oatmeal gruel. It was 
considered by Naunyn (184) that the apparent benefit was probably due to undernu- 
trition, while Blum (30) showed that, when administered under identical condi- 
tions and in equivalent amounts, the carbohydrate of oatmeal was assimilated in the 
same way as was that obtained from other sources, a conclusion which was supported 
by Foyer (96), who found that, if anything, an increase in blood sugar level was 
brought about by an oatmeal diet, a not very surprising discovery! 

Active extracts were prepared from oat grain by Ambs (9), Boden, Neukirch 
and Wankell (31), Boruttau (32), Kaufmann (131-134) and Simola (219). Ambs 
obtained an active preparation by an aqueous extraction of peeled, ground oat grain; 
Boruttau used the cortical layer of the grain and obtained a concentrate which 
reduced glycosuria in diabetic patients. Simola prepared an active extract from 
oat hulls, and considered that its action was due possibly to the presence of guanidine 
derivatives. Boden, Neukirch and Wankell obtained their active product from oat 
bran and demonstrated its efficacy by administration to rabbits, normal individuals 
and a diabetic patient, while Kaufmann obtained a similar effect from extracts of 
oats. 

Best and Scott (23) prepared extracts from rice which, on subcutaneous injec- 
tion into rabbits, produced a hypoglycemia. This work was not confirmed by 
Braun and Rees (36), who supported their conclusions by citing a private communica- 
tion from Best (20). 

Kaufmann (131-134) was able to prepare active extracts from rye, which, when 
fed to fasting rabbits, caused a reduction in the level of the blood sugar, beginning 
two to three hours after administration and reaching a maximum in six to eight 
hours; Kaufmann (131-134) also obtained active extracts from wheat and main- 
tained that the activity of extracts of cereals increased in the order: rye, wheat and 
oats. Hypoglycemia-producing extracts of wheat were also prepared by Best and 
Scott (23) and by Collip (58-60), the latter using wheat leaf as starting material. 
More recently, Greiff (106) obtained from the aleurone layer of cereals, including 
wheat, a red pigment which acted as an oxidation catalyzer in carbohydrate metab- 
olism and which, it was claimed, could be administered in tablet form as a substi- 
tute for insulin. 

Roots and other plant organs concerned with the storage of reserve food material 
as carbohydrate and with its metabolism were investigated by several workers, 
with the object of isolating the substance which was responsible for the synthesis 
of storage polysaccharide and for its later degradation, when required as a source of 
energy. It was felt that such a substance would be similar to and might even be 
identical with the hormone insulin and hence that these plant organs might form a 
valuable source of supply of insulin or an insulin substitute. 

Extracts of the green leaves and stems of the bean were made by Collip (58- 
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60). These were found to be active. Eisler and Portheim (87) obtained active ma- 
terial from dried beans (Phaseolus vulgaris) and Mercier and Bonnefous (171) ob- 
tained similarly active concentrates from Boubour beans (Phaseolus radiatus). 
Kaufmann (129-130) prepared from the testas of beans (Phaseolus vulgaris) an 
extract which was stated to cause a lowering of the blood sugar level of fasting rab- 
bits. The same author (131-134) obtained an extract of bean pods which was named 
‘phaseolan’, but which gave inconclusive results; a better extract was obtained from 
the actual beans and the use of this in diabetic therapy was recommended. The 
findings of Kaufmann, with reference to ‘phaseolan’, were not confirmed by Gebhardt 
(103), but Otto (189) obtained, from immature bean pods, a substance similar in 
action to insulin, while Gohr and Hillgenberg (105) obtained from the pods of the 
French bean an extract which reduced alimentary and adrenalin glycosuria, but which 
had little or no effect on the blood sugar of normal or fasting dogs. 

The possibility that the common beet (Beta vulgaris) contained a hypoglycemic 
principle was confirmed by Dubin and Corbitt (81, 82), Best and Scott (23), Sam- 
martino (211), Best, Jephcott and Scott (22) and Rychlik (208). Sammartino con- 
sidered that the effect produced was due probably to vitamin content, not to the 
presence of an insulinoid substance or ‘glucokinin’. 

Dubin and Corbitt (81, 82) Ederer (85) and Macdonald and Wislicki (158) ob- 
tained active preparations from cabbage. ‘The validity of the conclusions drawn by 
Dubin and Corbitt was questioned, however, by Braun and Rees (36) and by Jor- 
gensen and Lynn (126), who were unable to confirm the results obtained, while 
Lewis (153) has not been able, so far, to repeat the work of Macdonald and Wislicki. 

Frank et al. (97) obtained from a petroleum ether extract of carrots an amor- 
phous yellow substance which was active in producing hypoglycemia when ad- 
ministered to man, dogs and rabbits, succeeding where Dubin and Corbitt (81, 82) 
apparently had failed. It may be mentioned that di Bella (74) found that intra- 
venous injections of a solution of carotene in peanut oil produced hypoglycemia in 
rats, guinea pigs, dogs, hens and pigeons, but not in rabbits or cats. Best and Scott 
(23) and Dubin and Corbitt (81, 82) obtained hypoglycemic extracts from celery; 
Sammartino (211) obtained a moderately active extract from the endive (Cichorium 
endiva), but considered once again that this was probably due to its vitamin con- 
tent; Glaser and Wittner (104) obtained a similarly active extract from horse radish 
and were of the opinion that the activity was due to the oxidase present. The 
Jerusalem artichoke, with its high inulin content, was considered by Shohl (217) and 
Carpenter and Root (45) to be a valuable adjunct to diabetic therapy, since it was 
thought that the diabetic organism could assimilate inulin better than other forms 
of polysaccharide. Carpenter and Root noted that when the Jerusalem artichoke 
was included in the diet of diabetics there was a reduction in the level of the blood 
sugar and a cessation of glycosuria, but Campbell (43) was unable to confirm this. 
Hypoglycemic properties were also ascribed to extracts of lentils prepared by Kauf- 
mann (131-134). These possessed the further advantage of being active when 
administered orally; Collip (58-60) and Dubin and Corbitt (81, 82) obtained active 


concentrates from lettuce, but Jorgensen and Lynn (126) could not confirm their 
findings. 
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Extracts of the juice of the common onion (Allium cepa) were made by Janot 
and Laurin (123) and Laurin (149) and found to possess a marked hypoglycemic ac- 
tivity when administered parenterally to fasting rabbits. Collip (58-60) obtained 
active extracts from the green tops of sprouting onion plants and from onion roots 
and bulbs; Lalend and Havrevold (142) extracted from garlic (Allium sativum) and 
ether soluble, steam volatile alkaloidal substance which, when mixed with the di- 
sulphides found in garlic juice and injected into dogs and rabbits, gave a hypoglycemic 
reaction. It was not considered that this substance was analogous to insulin. Ex- 
tracts of onion tops, bulbs and roots were found to be inactive by Best, Jephcott 
and Scott (22), Braun and Rees (36) and Jorgensen and Lynn (126). 

The testa of the pea (Piswm sativum) yielded to Kaufmann (128-130) a very 
potently hyperglycemic extract, but Kaufmann (131-134) obtained extracts from 
whole peas which, when fed to rabbits, were effective in lowering the blood sugar 
level and in reducing alimentary hyperglycemia. Extracts of potatoes were found 
to be active by Best and Scott (23), Lalend and Havrevold (142) and Simola (2109), 
but Hutchinson, Smith and Winter (121, 122) found that extracts prepared by them 
from raw potatoes were quite inactive. Raw potato juice, when administered paren- 
terally to rabbits, was found by Thalimer and Ferry (238) to produce hypogly- 
cemia. 

Insulin substitutes have been sought in many directions other than those men- 
tioned above. Among these, some call for special attention in view of the claims 
made for them. 

An extract of Scoparius dulcis, known as ‘amellin’, was prepared by Nath (177) 
and claimed by Nath (178, 179) and Nath and Banerjee (181) to give considerable 
relief from the hyperglycemia, glycosuria, acidosis and acetonuria associated with 
diabetes mellitus. The extract was investigated clinically; administration was by 
mouth and was accompanied by administration of calcium salts. The properties of 
‘amellin’ were claimed to be superior in many respects to those of insulin, although 
the grounds for this assertion appeared to be rather tenuous as only three patients 
were used in the clinical investigation. Nath (178, 179) after further investigation 
stated that the reduction in blood sugar level occurred in general only after initial 
adjustment of diabetic anemia and considered that ‘amellin’ was of value in improv- 
ing anemias which characterized diabetes of long standing. Nath and Chowdhury 
(182) found that ‘amellin’ was superior to insulin in its effect upon the inorganic 
blood phosphorous level. Nath (178, 179) considered that the high cholesterol con- 
tent of the blood associated with diabetes mellitus responded to treatment with 
‘amellin’ in a very favorable manner, while Nath and Chowdhury (183) claimed that 
‘amellin’ prevented tissue wastage and caused better utilization of protein. 

In view of the absence of confirmatory data and of the apparent retraction of the 
earlier claims made for ‘amellin’, its value in diabetic therapy appears to be suspect. 
Whittaker (248), in a critical survey of the work of Nath and his associates, found no 
evidence for supposing that “‘amellin’ had an important therapeutic action. Clinical 
evidence was cited, but was limited to reports upon two cases. Further investiga- 
tion is, no doubt, necessary. 

An extract of the leaves of the bilberry or blueberry (Vaccinium myrtillis) or 
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the whortleberry (Vaccinium vitus idoea), known as ‘myrtillin’, was found by Mark 
and Wagner (164) to reduce alimentary hyperglycemia when administered by mouth 
to normal dogs. Eppinger, Mark and Wagner (88) found that ‘myrtillin’ prolonged 
the life of totally depancreatized dogs and its use in the treatment of diabetes melli- 
tus was advocated by Von Noorden-Salomon (244) and by Rathery and Levina (201). 
Dietering (75) was, however, able to obtain only toxic effects when extracts of 
Vaccinium myrtillis were administered to dogs and cats and found that similar 
effects were caused by administration of hydroquinone previously demonstrated to 
be present in bilberry leaves by Oettel (187). Allen (3, 4) obtained inconclusive 
data from trials of blueberry leaf extract, but was able to demonstrate a reduction 
in alimentary hyperglycemia. Allen (3, 4), Shniper (218) and Braun and Rees (36) 
confirmed Allen’s findings. ‘Myrtillin’ was not, therefore, regarded as a substitute 
for insulin, but was thought to be a useful adjunct to it, a feeling emphasized by 
Watson (246), who was unable to demonstrate a marked hypoglycemia, even after 
massive dosage. A hypoglycemic effect upon rabbits was demonstrated, however, 
by Kaufmann (128) and by Edgars (86). 

The use of infusions of the leaves of Eucalyptus globulus in the treatment of 
diabetes mellitus was first advocated by Faulds (go). Perez (193) obtained good 
results from infusions or decoctions of the leaves of other species of Eucalyptus. 
Trabut (239) confirmed these findings, but considered that benefit was due rather to 
the presence of tannins than to any specific antidiabetic principle. John (125) 
found that the infusion was quite ineffective. Preparations of Eucalyptus leaves 
are not found in present-day diabetic materia medica. 

The alkaloid galegine (I), which was isolated from the seeds of Galega officinalis 
by Tanret (235) and synthesized by Spath and Spitzy (225), 


was found by Miiller (175) and Simonnet and Tanret (220) to produce a lowering of 
blood sugar level when administered by mouth. ‘There was, however, only a slight 
margin between the hypoglycemic and lethal doses and, while Parturier and Hugonot 
(191) considered that fluid extracts of the seeds were of value in mild and senile 
diabetes, the toxic nature of galegine discouraged its use. 

Extracts of the seeds of Eugenia jambolanum (Syzygium jambolanum) were 
found by Kramer (140) and Stephenson (227) to reduce glycosuria in diabetic pa- 
tients, while Mercier and Vieu-Bonnafous (172) demonstrated their hypoglycemic 
action. In contrast, Kaufmann (128-134) obtained only hyperglycemic extracts 
from the seeds and with Mercier and Vieu-Bonnafous (172) was unable to obtain 
active extracts from the bark. To what the beneficial effects found by Kramer and 
by Stephenson were due is not clear, but Jambul fruits have been used in folk medicine 
in India and the East Indies in the treatment of diabetes mellitus and the fresh seeds 
are stated to be much superior to the dried ones in this respect. According to 
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Southall’s Materia Medica, the constituents of the seeds are a glycoside, antimellin, 
resin and gallic acid. 

The alkaloid lupanine (II) obtained from the seeds of Lupinus albus was found 
by Clemanti and Torrisi (55) to possess a definite hypoglycemic action when ad- 
ministered either orally or parenterally to normal animals. It was found, in addition, 
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to reduce the hyperglycemia and glycosuria of diabetic subjects. Clemanti and 
Torrisi were not of the opinion that lupanine or infusions of the seeds of Lupinus 
albus were to be regarded as useful in diabetic therapy, since the hypoglycemic action 
was only slight and was not proportional to the dose given, even when toxic amounts 
were administered. Orestano (188) confirmed the slight hypoglycemic action of 
extracts of the seeds. 

Extracts of the fresh or dried root bark of Fatsia horrida (Echinopanar horridus), 
known also as the Devil’s Club, were reported by Large and Brocklesby (145) to 
reduce alimentary hyperglycemia in Belgian hares and to produce hypoglycemia when 
fed to fasting rabbits. Piccoli e/ al. (195) and Stuhr and Henry (228) were unable to 
obtain any hypoglycemic effects by administering similar preparations. 

Antidiabetic extracts were sought from many sources other than those described. 
Among these may be mentioned: acorn shells (128-130) ; Agrimony (150) ; Alfalfa (173); 
Alisma plantago (the Water Plantain) (138); Araba chinensis, (141); Alractylis ovata, 
(138); Bauhinia candians (102); Brachylaena elliptica (Bitter Blaar) (19); Bryonia 
crelica (215); Burdock (Artium Sps.) (196); Cephalandra indica (Telachucha) (52); 
Centaurea Salmantica (206); Chimaphila umbellata (223); citrus fruits (95, 236, 237); 
cotton root (128-130); Coutarea lati flora (109); Mormordica charantia (Cundeamor) 
(204-205, 197); Geranium robertianum (150); green stalks (92); Gymnema sylvesira 
(53); Lampsana communis (150); lawn grass (58-60) ; Lycium chinense (138); mulberry 
leaves (14, 150); olive leaves (163); Panax ginsing (135, 136); Phellodendron sps. 
(229, 230); Pinus densiflora (216); Poa pratensis (blue grass) (211); Polygobum avi- 
culare (67); Opuntia inermis (Prickley Pear) (192, 107); Rehmannia glutinosa (138); 
Rehmannia lutea (232, 233, 231, 135, 136); Rhizomi polygonati officinale (174, 144); 
Rhodea japonica (114); rhubarb leaves (219); Rosa canina (42); Scrophularia oldhami 
(138); sesame seeds, (234); Silajit (54); Solanum sps. (222, 156, 39, 139); Sophora 
japonica (137); Taxus cuspidata (216); Tecoma mollis (41, 108); Bauhinia fortificata 
(Unha de Vacca) (127); Urtica dioca (165, 115); Vinca sps. (151, 185, 61, 247); 
walnut leaves (Juglans regia) (203) and White Snake Root (62). 

















January 1949 DIABETES AND INSULIN-ADMINISTRATION PROBLEM 85 


SUMMARY 


At the outset, it must be said that, so far, there has been found no substitute 
for insulin. It is, of course, desirable to provide a substitute for insulin which can 
be administered orally, since once a diabetic patient is restored by clinical treatment 
to a condition approaching that of normal health, the necessity for repeated injec- 
tions becomes a source of discomfort. Furthermore, self-administration of insulin 
requires a considerable degree of self-discipline in the strict observance of diet and 
time of dosage, and, perhaps more important still, demands that the patient shall 
sterilize his syringe, hands etc. before making the injection. It is obvious that 
there must exist many diabetics who are of insufficient mental caliber to perform these 
operations. 

As has been outlined, many substitutes for insulin have been suggested and, 
although some of these have been used clinically, none has yielded results that are 
more than mildly encouraging; some have proved themselves to be most detrimental 
to the condition of the patient. Dosage with oral preparations in place of insulin 
therapy and/or diet has, in some instances, allowed the disease to progress to a more 
severe form and has even resulted in the onset of coma. 

There does, however, appear to be no doubt that certain oral preparations 
have properties which alleviate some of the symptoms characteristic of diabetes 
mellitus. Extracts which contain tannins appear to decrease the distressing 
diabetic thirst; others which, due to their nauseating or narcotic properties, depress 
the appetite, decrease blood and urine sugar levels and reduce acidosis, but this 
effect is produced by the reduced intake of food. In this respect, many of the suc- 
cesses attributed to alleged insulinoid preparations may be attributed not to the 
drug but to the strict diet imposed. It appears highly probable that, in these cases, 
the diet alone would have an equally beneficial effect. 

Although tnis review does not concern itself with synthetic antidiabetic com- 
pounds, some mention of these at this juncture is not, perhaps, out of place. The 
guanidine derivatives are the most important group of synthetic antidiabetics; 
among these decamethylene diguanidine (‘Synthalin’), synthesized by Heyn (120), 
has had many claims made for its efficacy. Synthalin has a definite hypoglycemic 
action and, in addition, reduces the concentration of urinary ketone bodies. Its 
action is, however, much less powerful and is slower than that of insulin. It is po- 
tentially toxic; causing damage to the liver which may lead to serious complications 
such as jaundice or hepatitis. The lowering of the blood sugar level is not due to a 
specific hormonal effect, but to a toxic action upon hepatic tissues which deranges 
glycogen synthesis and breakdown. 

In view of the serious consequences which may follow the clinical usage of sup- 
posedly antidiabetic substances, it is evident that results obtained from animal 
experiments should be adequately controlled and carefully checked. Before raising 
the hopes of the sufferer further, it would be well to follow rigid pharmacological 
investigation by adequate clinical trial. 
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